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In der vorliegenden Arbeit wurden Röntgentechniken benutzt um die Struktur von 
dünnen (etwa 40 nm) CrSi2-Schichten, die unter UHV-Bedingungen mittels reaktive 
Koabscheidung und template-Verfahren auf Si(001) hergestellt wurden, zu 
charakterisieren. Die Ergebnisse wurden mit TEM-, SEM- und RBS-Untersuchungen 
korreliert und ergänzt.  
Die XRD-Analysen zeigen, dass die beiden Abscheideverfahren immer zur Bildung der 
CrSi2-Phase führen, wobei die Kristallite mit einer bevorzugten Orientierungsbeziehung 
CrSi2(001)[100] || Si(001)[110] wachsen. Im ersten Teil der Arbeit wurde die Cr-Si-
Koabscheidung benutzt um die Prozessparameter zu bestimmen, die zum Wachstum 
epitaktischer Schichten führen können. Die Strukturuntersuchungen zeigen, dass nur bei 
einer Substrattemperatur von 700°C nahezu geschlossene Schichten mit Kristalliten, 
welche lateral eine Größe bis zu 300 nm haben und neben der bevorzugten noch andere 
Orientierungen zum Substrat aufweisen, entstehen.  
Als zweite Herstellungsmethode wurde das template-Verfahren verwendet, wo die Cr-Si-
Koabscheidung auf ein vorher in-situ präpariertes ultradünnes CrSi2-template erfolgt. Die 
Morphologie und die Stärke der bevorzugten Orientierung der CrSi2-Schichten sind stark 
von der template-Dicke abhängig. Die Abscheidung auf CrSi2-templates, welche aus einer 
Cr-Schicht mit nominaler Dicker von 0,35 nm bis 0,52 nm entstehen, führt zum 
Wachstum weitgehend geschlossener, homogener und epitaktischer CrSi2-Schichten. Ein 
Modell, das den Einfluss der template-Dicke auf die Qualität der CrSi2-Schichten erklären 
kann, wird vorgeschlagen.  
Schlagwörter: X-ray diffraction (XRD), thin films, epitaxy, silicide, chromium disilicide, 
CrSi2, reactive codeposition, template 
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Introduction 
Silicides are the product of chemical reactions of metals with silicon. Transition metal 
silicides have attracted special attention for scientific study and industrial application due 
to their promising electrical and mechanical properties and their high thermal and 
chemical stability. Furthermore, most of the transition metal silicides are environmentally 
friendly materials.  
 The majority of the silicides are metallic (TiSi2, CoSi2, NiSi, PtSi). Due to their low 
resistivity they are attractive for application in microelectronics as ohmic contacts, 
Schottky barriers and interconnection metallisation [1]. Semiconducting silicides, such as 
CrSi2, MnSi1.7, ß-FeSi2 and ReSi2 have been the subject of extensive research because of 
their potential thermoelectric application. Furthermore, due to their narrow energy gaps 
(0.1-0.9 eV) these silicides were under discussion for application in silicon-integrated 
optoelectronic devices until recently.  
 This work is aimed to investigate the growth of thin CrSi2 films on Si(001) applying 
Molecular Beam Epitaxy (MBE). From the technological point of view heteroepitaxial 
CrSi2/Si systems are of interest due to the high thermoelectric power of the chromium 
disilicide [2]. CrSi2 belongs to the group of refractory metal silicides that makes it an 
attractive candidate for high-temperature application.  
 Most of the published works report on the CrSi2 growth on Si(111) because the 
hexagonal CrSi2(001) face has a good lattice match (mismatch of about -0.13%) to the 
trigonal Si(111) face. Much less attention has been paid to the CrSi2 growth on Si(001), 
despite the wide use of this type of Si substrates in the semiconductor technology. The 
Si[001] direction is a fourfold symmetry axis, whereas the hexagonal CrSi2 structure has 
only twofold and sixfold symmetry axes. This can lead to the appearance of different 
CrSi2 domains on Si(001) and consequently can complicate epitaxial growth in the 
CrSi2/Si(001) system. The different crystal structures of CrSi2 and Si make this system 
interesting for the fundamental investigation of epitaxial growth. Furthermore, resistivity 
and thermoelectric power of CrSi2 show a strong orientation dependence [3]. Thus, the 
orientation relations in the CrSi2/Si(001) system are of great interest. 
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 Taking into account the technological and fundamental interests on the 
CrSi2/Si(001) system the following tasks are considered in this thesis: 
• investigation of morphology and orientation of thin CrSi2 films grown on 
Si(001) under ultra high vacuum (UHV) deposition conditions.  
• comparison of the structure of CrSi2 layers grown by two deposition techniques: 
reactive codeposition and template method. The difference between these 
techniques is that during the template method the Cr/Si codeposition is 
performed onto previously formed ultrathin CrSi2 templates.  
• structure investigation of the ultrathin CrSi2 templates with the aim to understand 
their role during formation of CrSi2 films. 
According to the required information, X-ray technique was chosen as the primary 
investigation tool. X-ray methods do not require a special sample preparation and allow 
quick and comprehensive characterisation of thin films. X-ray diffraction (XRD) has been 
used to analyse the formed phase, preferred orientation and epitaxial relations of the 
grown layers. Information about grain size can be obtained analysing the FWHM (Full 
Width at Half Maximum) of an XRD peak. Surface roughness and interface roughness of 
the films have been characterised by X-ray reflectometry (XRR). Additionally, 
transmission electron microscopy (TEM) has been used to look locally at microstructure 
and interfaces of samples selected by XRD. The surface morphology of the CrSi2 layers 
has been investigated by scanning electron microscopy (SEM). Rutherford backscattering 
spectrometry (RBS) has been performed to characterise the crystalline quality of the CrSi2 
layers (channeling experiments). 
 The contents of the present thesis are given in the following. Chapter 1 gives a short 
overview of the most important properties of chromium disilicide and recent experimental 
results on its growth on silicon. Basic aspects of heteroepitaxial growth are explained by 
considering energetical and geometrical concepts of thin film formation. Chapter 2 
describes investigation methods, which have been used for the layer characterisation in 
this work. In Chapter 3 the experimental details on the deposition processes as well as 
results of the structure characterisation are discussed. According to the used growth 
Introduction 9 
methods chapter 3 is divided into two parts. Section 3.1 is dedicated to the study of layers 
obtained by reactive codeposition. In particular the influence of the substrate temperature 
on the layer morphology and on the preferred orientation of its crystallites was 
investigated. Section 3.2 presents the investigation of CrSi2 layers grown by template 
technique. The influence of the template thickness on the film structure is studied. The 
template method has been applied for the first time to grow CrSi2 on Si(001). 
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1  Structure and Physical Properties of Chromium Disilicide 
1.1  Structure of chromium disilicide 
Chromium disilicide is one of the refractory metal (RM) silicides. RM disilicides form 
orthorhombic ( C54 - TiSi2), hexagonal (C40 – CrSi2, VSi2, NbSi2, TaSi2) and tetragonal 
(C11b - MoSi2, WSi2) structures, which belong to the TiSi2 structure family [4,5,6]. Each 
of these phases can be generated by changing the stacking sequence of the hexagonally 
arranged MeSi2 layers (Fig. 1.1). One metal atom in this layer is surrounded by six silicon 
atoms, while each silicon atom neighbours three metal and three silicon atoms. Depending 
on the stacking sequence of the layers three different structures can be obtained: the C11b 
structure has a two-layer structure ABAB, the C40 structure contains a three-layer stacking 
sequence ABCABC (Fig. 1.2), and the C54 structure can be built repeating a four-layer 
structure ABCDABCD. The MeSi2 layer corresponds to (001), (010) and (110) planes for 
the C40, C54 and C11b structure, respectively (Fig. 1.1). 
 Chromium disilicide crystallises in the hexagonal C40 structure (Fig. 1.3) with three 
formula units per unit cell [7]. Its space group P6222 (or D46h in the Schönflies notation) 
involves a sixfold screw axis (62) parallel to the base lattice vector c
r . The symbol 62 
describes a product of two symmetry operations: proper rotations by 360°/6 = 60° and 
translations cct rrr
3
1
6
2 == . The symbols at the third and the fourth place of the space 
group notation characterise symmetry elements parallel to the base lattice vector ar  and to 
the ( ba
rr +2 ) vector, respectively.  
 The structure of CrSi2 contains three hexagonal layers, which are rotated against 
each other around the screw axis by 60° (Fig. 1.2). Each layer consists of repeating atom 
rows with a Cr-Si-Si-(Cr) sequence (see the row pointed by the red arrow in Fig. 1.3c). 
The CrSi2 lattice parameters are a = 0.4428 nm and c = 0.6369 nm [8]. In the hexagonal 
layer a Cr atom has six nearest-neighbour Si atoms whereas a Si atom is co-ordinated by 
three Cr atoms and three Si atoms (Fig. 1.3c). The distance between nearest-neighbour 
atoms in one layer is equal to 0.256 nm. In addition to the in-plane neighbours, each Cr 
atom has four inter-plane Si neighbours, which lie in the next CrSi2 layers. Each Si atom 
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has two Cr and two Si inter-plane neighbours. The distance between the nearest-
neighbour atoms which lie in different CrSi2 layers is equal to 0.248 nm.  
Fig. 1.1 MeSi2 layer which corresponds to (010) plane of the C54 structure type, (001) plane of  
the C40 structure type and (110) plane of the C11b structure type. 
Fig. 1.2 C-40 structure of CrSi2. The CrSi2 layers follow the ABCABC sequence. Three 
individual hexagonal CrSi2 layers are generated performing 60º rotations around the 
screw axis which are followed by translations with t = c / 3. 
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Two ways of the CrSi2 unit cell definition are shown in Fig. 1.3. Most of the authors 
[9,10] use the unit cell in which Cr atoms occupy the middle positions of the base lattice 
vectors ar  and b
r
. As visible, in this unit cell there are no atoms located at the vertices of 
the unit cell (Fig. 1.3a) and the unit cell does not demonstrate directly the sixfold screw 
axis symmetry of the CrSi2 lattice. This hinders the understanding of the complicated 
hexagonal structure. Thus, in the present work we introduce an alternative CrSi2 unit cell 
(Fig. 1.3b). The last one can be obtained from the former one performing a rotation by 
120° around the screw axis 62 followed by a translation ( )ba21t rrr +=  (Fig. 1.3c). The 
corresponding atom coordinates are given in Fig. 1.3 for both unit cells. This transition to 
the alternative unit cell does not influence indexing of planes and directions in the CrSi2 
lattice. Furthermore, this unit cell clearly shows the above described symmetry 
operations, namely sixfold rotations followed by the t = c / 3 translations (see the 
differently colored atoms in Fig. 1.3b).  
 There are two types of indices notation in a hexagonal system: a system with four 
indices and a system with three indices. Features of the indexing procedure in a hexagonal 
structure are explained in appendix A. In this thesis the system with three indices is used.  
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Fig. 1.3 Hexagonal structure of CrSi2: a) unit cell built on the published data; b) alternative unit 
cell; c) view in the [001] zone axis. The alternative unit cell is obtained from the former 
one performing a rotation by 120° around the screw axis 62 followed by a translation 
with ( )ba
2
1t
rrr += . The structure of CrSi2 contains three hexagonal layers, which are 
rotated against each other around the screw axis by 60° (Fig. 1.2). Each layer consists of 
repeating atom rows with a Cr-Si-Si-(Cr) sequence (see the row pointed by the red 
arrow).  
Structure and Physical Properties of Chromium Disilicide 15 
1.2  Physical properties and application 
The chemical reaction of metal atoms with silicon results in the formation of silicides. 
While most transition metal silicides are metallic, there are also a few which are 
semiconducting (e.g. CrSi2, β-FeSi2, MnSi1.7). The semiconducting silicides can be 
regarded as potential candidates for practical application in thermoelectric and 
photovoltaic devices, infrared sensors etc. Among the semiconducting silicides CrSi2 is 
attractive because of its high thermoelectric power and its thermal and chemical stability. 
The thermoelectric power of CrSi2 was reported to be about 100 µV/K at room 
temperature (RT), the melting point lies at 1490°C [3,11]. Moreover, the CrSi2 phase is 
the first and only stable phase which is formed in the Cr/Si system if Si is present in 
excess [10,12,13,14].  
 Chromium disilicide is the only semiconducting silicide among the refractory metal 
silicides, which all belong to the TiSi2 structure family (see section 1.1). According to 
[15] covalent chemical bonding occurs between the Cr-Si atoms, which lie in different 
CrSi2 layers because the distances between the atoms in one layer are larger then those 
between the atoms, which lie in the neighboring layers [see section 1.1]. Each Cr atom in 
the CrSi2 lattice supplies four of its six d-electrons for bonding with four Si atoms. The 
remaining two lone electrons tend to localise and do not participate in bonding. The 
authors of [15] suggest that this two lone electrons could be a reason for the fact that 
among the RM silicides only CrSi2 is a semiconductor. 
 The electrical properties of CrSi2 show a significant anisotropy (see Table 1.1). 
Parallel to the cr -axis the electrical resistivity and thermoelectric power are nearly two 
times higher than in the perpendicular direction [16]. Structural effects on the CrSi2 band 
gap have been predicted by Mattheiss [17] using LAPW (linear augmented-plane-wave) 
method. According to this calculation CrSi2 has an indirect band gap of 0.3 eV which is in 
good agreement with the experimental value of 0.35 eV obtained by electrical and optical 
measurements. 
 Electrical measurements on a single crystal indicated that CrSi2 is a p-type 
degenerated semiconductor [16,3]. A conversion of the conduction type to n-type can be 
received by doping CrSi2 with Si or Mn, e.g. 12% doping with Mn will completely 
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change the conductivity type. Moreover, it was shown that at high temperatures the Hall 
mobility is proportional to 23−T , suggesting that acoustic lattice scattering of the carriers 
is dominant [3]. Optical investigations have shown that bulk CrSi2 is a semiconductor 
with an indirect energy gap. The gap occurs between the valence band maximum at the L 
point of the Brilloin zone and the minimum of the conduction band at the M point [18]. 
 Electrical measurements on CrSi2 thin films have shown a resistivity value, which is 
an order of magnitude higher than that of bulk samples. The spread of the published data 
on electrical characteristics of thin films [see Table 1.1] is caused by the fact that the 
electrical properties of CrSi2 strongly depend on the film deposition method and Cr:Si 
stoichiometry. Excess of silicon results in more pronounced semiconducting properties, 
while lack of Si leads to metallic behaviour [11]. 
 
Sample 
Resistivity 
/(Ωcm) 
Hole mobility 
/(cm2/Vs) 
Hole 
concentration 
/(cm-3) 
Energy gap 
/(eV) 
Ref. 
single crystal: 
|| cr  
⊥ cr  
 
0.014 
0.007 
 
9.2 
18 
6×1020 0.35 [16] 
polycrystalline 
thin films 
1×10-2 to 
9×10-3 7 to 18 
4×1019 to 
1.1×1020 0.27 to 0.50 [11,18] 
Table 1.1 Electrical characteristics of CrSi2. 
According to physical properties of CrSi2 the potential fields of its application were 
proposed [2,12,19,20]. CrSi2/Si heterostructures can be used as Schottky barriers in the 
integrated-circuit technology. The Schottky barrier height on n-type silicon is 0.57 eV [2]. 
CrSi2 was successfully used for the creation of p-n-diodes by Dudda [19] and Martinez et 
al. [12]. Bost et al. suggested that CrSi2 can be used for infrared detector production [20]. 
Due to its high thermopower CrSi2 is a good candidate for thermoelectrical generators and 
sensors application [21]. 
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1.3  Growth of chromium disilicide thin films on Si 
1.3.1  Basic aspects of the heteroepitaxial growth 
Epitaxial growth of transition metal silicides on silicon has attracted considerable interest 
in recent years because of both, potential application of the silicides in integrated circuits 
and fundamental study of epitaxial growth of materials with different crystal structures. 
Epitaxy refers to growth of a single crystal layer on top of a crystalline substrate. The 
growth of a single crystal is an ideal case of film growth and mostly observed for 
materials with small difference in lattice parameters. Very often a local epitaxial growth 
occurs. In this case the film consists of islands which exhibit one certain orientation to the 
substrate, but are separated from each other by layer free regions or by epitaxial islands 
with different orientations. Therefore, in the present thesis we refer to epitaxial growth 
even if only a part of the layer crystallites is epitaxial. The term quality of the layer will be 
used in the following to describe the grown film and it implies grain size, uniformity of 
crystallite orientation, coverage of the substrate surface by the layer and roughness. In the 
following section factors, which can affect heteroepitaxial growth, are discussed.  
 Heteroepitaxial growth is a complicate process and depends on different 
parameters, which predetermine layer morphology and orientation. These parameters can 
be divided into two groups, depending on the way of consideration: energetical factors 
and geometrical factors. 
1.3.1.1  Energetical factors 
In the following section energetical factors are discussed according to the capillarity 
theory. The growth of a film starts with the formation of a stable nucleus. At first the 
influence of the formation temperature on the homogeneous nucleation process will be 
discussed. This is a simplified case of a nucleation when a solid phase is formed from a 
supersaturated vapour. During the nucleation of a solid film on a planar substrate 
(heterogeneous nucleation) the role of the substrate surface has to be taken into account. 
That heterogeneous case will be discussed at the end of this section.  
18  Growth of chromium disilicide thin films on Si 
 The formation of a homogeneous nucleus of radius r is accompanied by the change 
of the free energy ∆G. According to the second law of thermodynamics a spontaneous 
reaction can occur at constant temperature and pressure when ∆G < 0. The free energy 
change during the formation of a spherical nucleus is given by the following equation 
[22]: 
 
,r4Gr
3
4G 2V
3 σπ∆π∆ +=
 
(1.1) 
where the first term represents a reduction of free energy of the system due to the gas-to-
solid transformation and the last term describes an increase of the surface free energy due 
to creation of a new surface. In (1.1) σ is the surface energy per unit area and ∆GV is the 
free energy change per unit volume, which is defined as  
 ,P
PlnkTG
s
v
V Ω∆ −=  (1.2) 
where Ω is the atomic volume, Ps is the equilibrium pressure at the given T above the 
solid and Pv is the pressure of the supersaturated vapour caused by the evaporation sours.  
 In Fig. 1.4 the free energy change as a function of the nucleus radius r is plotted. To 
became stable the nucleus has to overcome the free energy barrier to the nucleation 
process ∆Gk, i.e. reach dimension with r > rk, here rk is critical nucleus size.  
Fig. 1.4 Free energy change as a function of nucleus size [22]. 
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The influence of the temperature on the critical nucleus size and the height of the free 
energy barrier can be calculated using (1.1) - (1.2). At the maximum of the graph in 
Fig. 1.4  ∂∆G/∂r = 0 and r = rk. Thus the critical nucleus size can be given as 
 ,2 Vk Gr ∆−= σ
 
(1.3) 
and the free energy barrier to the nucleation process as 
 ( ) .316 23 Vk GG ∆=∆ πσ
 
(1.4) 
 In the case of heterogeneous nucleation, i.e. the formation of a film on a substrate, 
an additional substrate/film interface is formed. Therefore, the surface energy σ = σA (A 
is a surface area) should be substituted by three components: surface free energy of 
substrate (σs), surface free energy of film (σf), and interfacial free energy (σi). The 
formation takes place at a substrate temperature Tsub. Ohring in [22] has shown that 
assuming typical values of σs, σf, σi and ∆GV for metals the following dependencies can 
be received: 
 .0T
G;0
T
r
Psub
k
Psub
k 〉



∂
∂〉



∂
∂ ∆
 
(1.5) 
It is visible from (1.5) that a higher substrate temperature leads to an increase of the size 
of the critical nucleus as well as of the free energy barrier to the nucleation process. 
Therefore, at low Tsub a formation of a uniform layer with small grains might be expected, 
whereas high Tsub is conducive to the formation of a layer consisting of large crystallites 
and islands. 
 The fact, that in case of film formation the surface energy σ is substituted by a sum 
of σs, σf and σi, results in an additional parameter ∆σ = σs - σf - σi which affects the free 
energy change. There are three basic growth modes depending on the values of these 
parameters: island (or Volmer-Weber) mode, layer-by-layer (or Frank-van der Merwe) 
mode, and Stranski-Krastanov mode, which combines layer and island growth mode 
(Fig. 1.5). If the substrate surface free energy is smaller then the sum of the film surface 
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free energy and the interfacial free energy (∆σ < 0), then island growth is preferred. In the 
opposite case (∆σ > 0) the film is wetting the substrate and layer-by-layer growth should 
be expected.  
 Heteroepitaxial growth of materials with different lattice parameters is always 
accompanied by strain in the grown layer. Strain energy increases with film thickness. In 
this case the layer growth can follow the layer-by-layer mode until a certain film 
thickness. After that, the strain energy will be released by island formation. This growth 
behaviour is known as Stranski-Krastanov growth mode [23].  
Fig. 1.5 Basic modes of thin film growth (here σ is surface energy). 
However, the utility of the capillarity theory is limited by a number of factors and can be 
applied only as a qualitative model. The first limitation is that the real size of the critical 
nucleus is typically just a few atoms. Therefore the consideration of the surface energy 
and the free energy change per unit volume loses its quantitative importance. The second 
limitation is that film growth by deposition techniques (especially MBE) is a non-
equilibrium process. Therefore kinetic aspects become essential. There is a number of 
theoretical models discussing kinetics of nucleation and growth [23,24,25]. Different 
atomic processes are involved in formation of a film: adsorption of an atom, desorption, 
nucleation, surface- and interdiffusion, formation of dimers and clusters, etc. This variety 
of processes on surface combined with a lack of information about energies and rates of 
these processes makes practical application of the kinetic models very difficult. 
Additionally, these theories commonly consider ideally flat, "inert" substrates. 
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1.3.1.2  Geometrical parameters  
The concept of lattice match belongs to a geometrical treatment of orientation relations in 
epitaxial systems. This concept considers two-dimensional (2D) lattices, which are 
obtained by a cut of a three-dimensional lattice in a certain crystal direction. 
Consequently, the 2D translation symmetry of two planes, i.e. growth planes of a 
substrate and a layer, is discussed. This symmetry can be changed by an interface 
reconstruction. In this case the reconstructed surfaces should be considered. The lattice 
match is characterised by two parameters: the mismatch and the area of the matching cell 
[26]. The lattice mismatch (m) between a film and a substrate is defined as  
 ,
a
aa
m
substrate
substratefilm −=
 
(1.6) 
where filma  and substratea  refer to the unstrained lattice parameters of film and substrate, 
respectively. The lattice mismatch definition given by this equation can be used only if 
the growth planes of the layer and the substrate have the same symmetry. Additionally, 
the epitaxial layer and the substrate should have the same orientation. Three types of 
epitaxial structures can be formed depending on the mismatch value: lattice matched, 
strained and relaxed structures. If the layer has the same structure parameters as the 
substrate, the lattices are exactly matched and such an epitaxial system is unstrained. A 
small value of the lattice mismatch results in pseudomorphic growth, and the grown layer 
is under compressive or tensile stress. If the strain energy, which is caused by the 
difference in the lattice parameters of layer and substrate becomes too high, the layer will 
relieve this energy by creating edge dislocation at the interface. It must be noticed, that to 
estimate the lattice match the formation temperature has to be taken into account. The 
materials building up the heteroepitaxial system often have different coefficients of 
thermal expansion. In case of the CrSi2 growth on Si this leads to a significant increase of 
the lattice mismatch with increased formation temperature [27]. 
 A modified concept of the lattice match characterisation for heteroepitaxial system 
was proposed by Zur and McGill [28]. According to this concept "instead of comparing 
the lattice parameters, we shall compare the interface translational symmetry with that of 
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the bulk materials on both sides of the interface". A common matching cell, which 
characterises the interface, should be chosen so that the mismatch along its sides and its 
area have the minimal values. The comparison of the common matching cells needs an 
additional mismatch parameter, namely the angle between the cell sides (for example see 
Fig. 1.6. It should be emphasised that this model is just a geometrical illustration of 
epitaxial orientations and does not consider chemical and physical aspects of the epitaxial 
growth. A good lattice match is neither sufficient nor necessary for the heteroepitaxial 
growth. The surface and interface energies of the layer/substrate system, as well as 
chemical reactions are always the prevailing factors for the epitaxial growth. Therefore 
the energetical and geometrical concepts have to be combined to characterise or predict 
epitaxial growth of one material on another. However, there is no information on surface 
and interface energies for the CrSi2/Si(001) system. Therefore, in this thesis the proposed 
model is used to describe the found orientation relations.   
 Fig. 1.6 shows three possible matching cell in the CrSi2(001)/Si(001) interface.  
Fig. 1.6  Three possible ways to define a common matching cell in CrSi2(001)/Si(001) 
interface. Only Cr atoms of CrSi2 are shown. 
Structure and Physical Properties of Chromium Disilicide 23 
The layer growth with CrSi2(001)[210] || Si(001)[110] orientation is considered as an 
example. The 2D unit cells of CrSi2 and Si have 60° and 90° rotation symmetry 
respectively (see sketch in Fig. 1.6), that makes the comparison of the unit cell lattice 
parameters not applicable. To define a common matching cell the atom arrangement in 
the interfacial CrSi2(001) and Si(001) planes has to be considered. Only Cr atoms in the 
CrSi2(001) plane are shown. The matching parameters of the proposed common matching 
cells are given in Table 1.2. It should be noticed, that in case of epitaxial growth of 
materials with different crystal symmetry the mismatch value in two direction must be 
calculated. The common matching cell A has the minimal area compared to that of B and 
C, but the mismatch in bA direction has the largest value. Comparison of the matching 
parameters shows that the area of the matching cell B has the minimal possible value at 
which the request of the minimal mismatch can be satisfied. Thus, the common matching 
cell B is favourable for geometrical characterisation of the CrSi2(001)[210] || Si(001)[110] 
epitaxial orientation.  
 
mismatch/ 
(%) 
common 
matching 
cell 
asilicide 
/nm 
bsilicide 
/nm 
αsilicide 
/1° 
aSi 
/nm 
bSi 
/nm 
αSi 
/1° 
matching 
cell area 
/nm2 a b α 
A 0.767 0.443 90 0.768 0.384 90 0.34 -0.13 15 0 
B 0.767 1.597 103.9 0.768 1.583 104.4 1.19 -0.13 0.88 -0.4 
C 1.597 1.597 92.2 1.629 1.629 90 25.5 -2.00 -2.00 2.4 
Table 1.2 Matching parameters of three possible common matching cells for the epitaxial 
CrSi2(001)/Si(001) system (see Fig. 1.6). 
 
1.3.2  Overview of recent experimental results on CrSi2 growth 
on silicon 
Growth of CrSi2 layers on Si has been extensively studied since the initial characterisation 
of CrSi2 as semiconducting silicide with promising thermoelectrical properties in the 
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middle of the sixties [3,16,29,30]. Various techniques have been used to prepare CrSi2 
films, such as solid phase reaction (SPR), reactive deposition epitaxy (RDE), reactive 
codeposition of Cr and Si (RC) and ion beam synthesis (IBS). Most of the studies have 
been carried out on the growth of CrSi2 films on Si(111) because the Si(111) plane has a 
trigonal symmetry and the CrSi2(001) plane has a hexagonal symmetry [31,32,33]. The 
CrSi2(001) face has a good lattice match (mismatch about -0.13%) to the Si(111) face 
with its a-axis parallel to Si[11 0] and Si[101 ] (Table 1.3). Much less attention has been 
paid to the CrSi2 growth on the Si(001) substrate, despite the wide use of this type of Si 
substrates in the semiconductor technology. 
 Frequently observed epitaxial orientations in the CrSi2/Si system are summarised in 
Table 1.2 referring to recently published experimental data [34-37]. To compare the 
matching conditions of different epitaxial orientations the lattice mismatch and matching 
cell area were calculated.  
 
Epitaxial orientation 
Matching 
cell area / 
nm2 
Mismatch / %; 
in Si[uvw] direction 
CrSi2(001)[110] || Si(111)[11 2 ] (orientation A) 0.51 -0.13; [ 1 01] -0.13; [0 1 1] 
CrSi2(001)[110] || Si(111)[10 1 ] (orientation B) 0.20 15.00; [ 1 01] 15.00; [0 1 1] 
CrSi2(001)[110] || Si(001)[110] 0.34 -0.13; [1 1 0] 15.00; [110] 
CrSi2( 211 )[1 1 0] || Si(001)[1 1 0] 0.60 -0.13; [ 1 1 0] 1.04; [1 1 0] 
CrSi2( 142 )[120] || Si(011)[01 1 ] 0.84 -0.13; [01 1 ] 0.46; [100] 
Table 1.3 Frequently observed epitaxial orientations of CrSi2 films on Si and corresponding 
values of the lattice match∗. 
 
 
 
                                                          
∗ Si lattice parameter of a = 0.5431 nm and Cr lattice parameters of a = 0.4428 nm and c = 0.6369 nm  [8] 
were used for the mismatch calculation. 
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1.3.2.1  Solid phase reaction 
The simplest way of silicide formation is the solid phase reaction. By this technique a 
metal layer is deposited onto a precleaned crystalline Si substrate at room temperature 
(RT) in a high- or ultra-high vacuum chamber. Subsequently, the Me/Si system is 
annealed at a certain temperature to form the silicide film. Many attempts have been made 
to grow CrSi2 epitaxially on Si by SPR [35-41]. The CrSi2 formation temperature is 
reported to lie between 400°C and 450°C and the CrSi2 phase is the first nucleated 
compound [12,42,43]. The main problem in synthesising uniform closed films by this 
method is the formation of cracks or islands. The reason of such growth is that the 
mismatch between CrSi2 and Si increases with increasing formation temperature [27]. It 
has been shown that Si is the dominant diffusion species during the CrSi2 formation and it 
diffuses by a substitutional (vacancy) mechanism [40]. The growth kinetics is reaction 
controlled [42,43].  
 SPR leads to epitaxial growth of CrSi2 on Si(111). The formed layers consist of 
epitaxial grains (grain size ranges from 20 nm to 0.5 µm) with two different orientations:  
orientation  A and orientation B (see Table 1.2) [35,37]. Despite the large difference in 
lattice mismatch for the orientation type A and B, it was found that the crystallites of both 
types are formed with nearly equal probabilities.  
 For a CrSi2 film grown by deposition of 50 nm Cr on Si(001) followed by annealing 
at 450°C the only found epitaxial orientation is CrSi2(001)[110] || Si(001)[110]. The film 
consists of grains with a diameter of nearly 150 nm [36]. The CrSi2(110) planes with a 
lattice plane distance of d = 0.2214 nm [8] coincide with Si(110) planes (d = 0.3840 nm) 
in the Si[110] direction with a lattice mismatch of m = 15%. In the perpendicular Si[1 1 0] 
direction the mismatch between CrSi2  and Si is about m = -0.13%. 
1.3.2.2  Reactive deposition 
Considerable improvement of the film quality in terms of the grain size and extent of the 
silicon surface coverage with the silicide was observed after applying reactive deposition 
followed by annealing [34,44,45,46]. During RDE the metal is deposited onto the heated 
Si substrate therefore the silicide formation take place immediately. Vantomme et al. [44] 
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reported on epitaxial CrSi2 growth on Si(111) with crystallites of only orientation A. The 
layers were formed by deposition of Cr onto a Si substrate kept at 450°C followed by 
annealing at various temperatures up to 1200°C for 5 min. A CrSi2 film with large 
epitaxial regions was formed only after annealing at 800°C. The crystalline quality of the 
silicide was significantly improved after annealing at higher temperatures (above 900°C), 
that was confirmed by a rapid drop of the minimum channeling yield of Rutherford 
backscattering spectra (RBS). The lowest channeling yield of 30% was observed after 
annealing at 1200°C. However, at high temperatures the silicide layers broke up into 
islands. On the other hand, the film morphology and crystallinity strongly depend on the 
amount of the deposited Cr layer. It was found that continuous silicide films can be 
formed only if the resulting Cr layer is thick enough (about 80 nm). But the channeling 
effect was observed only in thin layers (nominal deposited Cr thickness < 20 nm). 
Additionally, it has been shown by XRD measurements that the critical thickness of the 
nominal deposited Cr layer for pseudomorphic CrSi2 growth on Si(111) is about 0.2 nm.  
 Later, Kim et al.[45] reported on the growth of epitaxial CrSi2 films of type A on 
Si(111). The layers were formed by reactive deposition and showed a slightly lower 
channeling yield value of 25%. But the authors did not succeed in suppression of island 
growth. Shiau et al. [34] applied the RDE method for CrSi2 growth on Si substrates with 
different orientations: (001), (011) and (111). The best quality of the epitaxial layers was 
obtained on Si(111) (orientation type B) and the worst on Si(011) (for the orientation 
relation see Table 1.3). The films, grown on Si(011), consist of disconnected CrSi2 islands 
while for those, grown on Si(001) and Si(111), no island structure was observed. The 
authors explain the observed results using energy terms. They suggest that at high 
temperatures the CrSi2/Si(011) interface energy is much higher than the surface energy 
either of the film or substrate. For film growth on Si(001) the epitaxial orientation 
CrSi2( 211 )[1 1 0] || Si(001)[1 1 0] was observed (see Table 1.3). 
1.3.2.3  Reactive codeposition  
Another method to grow disilicides is the reactive codeposition of Me and Si in the 
stoichiometric ratio of 1:2 onto a hot crystalline substrate. There are only a few works, 
which report on CrSi2 growth by this method. Frathauer et al. [39] reported on the 
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epitaxial growth of CrSi2 on Si(111) by reactive codeposition. In this work four different 
techniques were compared: SPR, RDE, RC and codeposition of Cr and Si at RT followed 
by annealing were compared. The layers of the best quality were obtained by the reactive 
codeposition method. The crystallites grow with the two above mentioned orientations – 
A and B. An increase of the substrate temperature results in larger grain size. At 825°C 
the epitaxial islands reach 1-2 µm in size. However, the presence of misoriented grains 
was observed as well. RBS spectra showed no channeling, that suggests that there is no 
single epitaxial orientation over a large fraction of the layer. The second attempt to apply 
the RC technique to grow CrSi2 on Si(111) was made by Haderbache et al. [48]. The 
authors reported on the formation of epitaxial layers at a relatively low temperature of 
450°C. The layer crystallites exhibited only orientation A. However, there is no 
information on the film morphology.  
1.3.2.4  Template technique 
Deposition of a thin metal layer onto the Si substrate at low temperature prior to a Me/Si 
codeposition at a high substrate temperature is reported as the template technique [49]. 
For a number of silicides this method was shown to result in uniform epitaxial layers. It 
was shown by Mahan et al. [50] that the application of the template technique for ther 
CrSi2/Si(111) system can solve the problem of island formation at higher temperatures 
and lead to the formation of epitaxial films with orientation A. The authors changed the 
sequence of low and high temperature growth. At first a CrSi2 seed layer was formed by 
Cr/Si codeposition at 450°C followed by annealing at 1100°C. This layer consists of 
"well-aligned but islanded seeds" with thickness of about 68 nm [50]. The second layer 
(~ 210 nm thick) was grown by the codeposition at 450°C without subsequent annealing. 
The formed films are continuous, as was suggested by RHEED (Reflection High Energy 
Electron Diffraction). RBS channeling yields of 50% were observed for these layers.  
 A “modified” template technique was successfully applied for the formation of 
CrSi2 layers on Si(111) [51]. The A-type template was formed by repeating five times a 
procedure, which included the deposition of 2 nm of Cr at 500°C followed by annealing at 
850°C for 30 s. Then Cr and Si were codeposited onto the formed CrSi2 template at 
700°C. The films were observed to be continuous with smooth surface. CrSi2 grains of 
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nearly 250 nm in size have mostly the orientation A, but misoriented grains were 
observed as well. 
1.3.2.5  Ion beam synthesis 
To date epitaxial CrSi2 films of the best quality have been obtained applying the ion beam 
synthesis (IBS) technique. The IBS technique consists of two steps: firstly, metal ions are 
implanted into a Si wafer which is heated during implantation to a certain temperature, 
and secondly, this system is annealed at a temperature of about 1000°C. White et al. [52] 
created continuous CrSi2 layers in a Si/CrSi2/Si heterostructure by implantation of Cr+ 
into Si(111) at temperatures between 350°C and 470°C followed by annealing at 1100°C. 
RBS channeling with a minimum yield of 7% was observed. Moreover, TEM 
investigations showed that the layers are single crystal, without grain boundaries. The 
films are oriented with both CrSi2(001) and CrSi2(00 1 ) planes parallel to Si(111). 
However, the subsequent annealing caused the formation of cracks in the CrSi2 layer and 
in the Si overlayer. The authors explain this effect by an increase of the lattice mismatch 
in the CrSi2/Si system with increasing temperature.  
 Dudda [19] reported the growth of single crystal CrSi2 layers in Si(111) by IBS 
followed by annealing at 1000°C. RBS channeling was observed with a minimum 
channeling yield value of 6%. This value is the lowest reported until now. Moreover, the 
layers had an atomically sharp CrSi2/Si interface.  
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2  Investigation Methods 
In the present thesis X-ray reflectometry (XRR), X-ray diffraction (XRD) and 
transmission electron microscopy (TEM) were combined to study the features of 
chromium disilicide films growth on Si(001). These powerful techniques of thin film 
characterisation provide complex information on film structure and morphology. XRR 
gives quantitative data about surface and interface roughness. X-ray diffraction provides 
information averaged over a large sample area and allows to characterise sample 
composition, structure (lattice constants and symmetry), preferred orientation, defects, 
stresses, etc. Transmission electron microscopy allows to analyse film surfaces and 
interfaces and gives direct information about microstructure on an atomic level. 
Additionally scanning electron microscopy (SEM) and Rutherford backscattering 
spectrometry (RBS) were carried out to characterise surface morphology and crystalline 
quality of the samples. In the following sections some basic principles of the applied 
investigation methods and the used equipment are described. 
2.1  X-ray diffraction 
2.1.1  Scattering of X-rays by matter 
X-rays are high-energy beams of electromagnetic radiation. Electromagnetic radiation is 
characterised either by using its wavelength λ or by means its photon energy E. The 
wavelength of X-ray radiation lies between 0.01 and 10 nm, which corresponds to the 
energy range of 0.1-100 keV. When X-rays interact with an atom, the electric field of the 
beam acts upon each electron of the atom causing different processes to occur, which 
depend on the electron binding energy. The impinging beam can be absorbed (ionization 
of atom) or scattered, either elastic or inelastic [53]. The elastic scattering has 
fundamental application for structural analysis of materials. By elastic scattering the 
photon changes its direction after interaction with the electron, but transfers none of its 
energy to the electron. The scattered photon has a constant phase shift to the incident 
photon. Thus, each electron of a scattering atom in the material becomes a source of a 
30  X-ray diffraction 
new set of spherical waves. When these waves interfere constructively, diffraction is 
observed.  
2.1.2  Laue conditions, Bragg’s Law and Ewald construction 
The Laue conditions, the Bragg equation and the Ewald construction are three 
representations of the same request for the diffraction effect. They depend on the wave 
vector of the incident beam, lattice parameters and the diffraction angle.  
 The first description of X-ray diffraction by a crystal was made by Max von Laue in 
1912. He considered crystals as 3-D gratings for the diffraction of an incident X-ray 
analogous to the diffraction of light by a one-dimensional optical grating. Thus Laue gave 
three similar equations, one per independent crystallographic direction, which must be 
satisfied at the same time in order that constructive interference takes place:  
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where cba r
rr ,,  are the base lattice vectors, 0k,k
rr
 are the wave vectors of the diffracted and 
the incident wave, respectively, so that 
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(2.2)
H, K, L are the Laue indexes. The Laue indexes are connected with the Miller indexes by 
the following equation (HKL) = n(hkl), here n is an integer. 
The three equations (2.1), known as Laue equations, may be solved for the vector 
0kkk
rrr −=∆ . To find the solution of these equations in general form one needs to 
introduce the concept of vectors in the reciprocal lattice. 
 Reciprocal space is also called Fourier space or k-space in contrast to real or direct 
space. In real space points of the crystal lattice are given by vectors ,cpbnamr r
rrr ++=  
where m, n and p are integers. Base vectors of the reciprocal lattice *ar , *b
r
, *cr  are 
defined by those of the direct lattice using the following relations [54]: 
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Then, the reciprocal lattice points are defined by the reciprocal lattice vectors 
,clbkahg *** r
rrr ++=  where h, k, l are integers. The Laue conditions (2.1) can be 
expressed in the Fourier (or reciprocal lattice) space as following:  
 .gkkk 0
rrrr =−=∆
 
(2.3)
The reciprocal lattice vector gr  is defined as  
 ,d/ng hklπ2=r
 
(2.4)
where dhkl is the distance between two planes in the plane family {hkl}, or the interplanar 
distance, n is the order of reflection. The nature of expression (2.3) can be easily 
understood from Fig. 2.1. This equation is also known as the vector form of Bragg’s Law. 
 In 1913, William Henry Bragg and his son developed a much simpler way of 
understanding of the diffraction by a crystal. In this development it was assumed that the 
incident X-rays are in phase and that they specular reflect from imaginary planes. These 
planes are considered as parallel equidistant lattice planes. To interfere constructively, the 
the path difference of the waves, reflected from these planes, must differ by an integral 
number of wavelength. This condition is satisfied, when the interplanar distance dhkl, 
diffraction angle θ and wavelength of the incident radiation λ obey the Bragg’s Law: 
 .nsind2 hkl λθ =
 
(2.5)
 This is the basic equation of X-ray diffraction analysis of crystalline materials 
because the angle of diffraction can be easily calculated from the interplanar spacing in a 
crystal.  
 Bragg’s Law can be deducted from Laue conditions [55]. It is visible from Fig. 2.1 
(see triangle ABC) that )( 0kk
rr −  = 2 kr sinθ. Therefore the following can be obtained 
from Eq. (2.2) - (2.4): 2sinθ(2π/λ) = 2πn/dhkl, or (2sinθ)/λ = n/dhkl. 
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 Compared to the above mentioned descriptions in 1913 P.P. Ewald proposed the 
most convenient approach, which allows to visualise the diffraction process 
geometrically [56]. He presented the geometrical construction in reciprocal space, which 
expresses the diffraction condition in terms of the reflection, or Ewald, sphere (Fig. 2.1). 
 The Ewald sphere is the sphere of radius R = 2π/λ with its centre in the common 
origin A of the wave vectors k
r
 and 0k
r
. Diffraction maxima occur only when the Laue 
conditions, or equivalently, the Bragg equation in vector form, are satisfied. This occurs 
whenever a reciprocal lattice point intersects the Ewald sphere. 
Fig. 2.1  The Ewald sphere of reflection with its center in point A and radius R = 2π/λ 
represents the diffraction conditions in the reciprocal space (the xz- plane is shown). 
An incident beam with wave vector 0k
r
 intersects the Ewald sphere in the origin of 
reciprocal lattice (000). The wave vector of diffracted beam is k
r
 and 
0kk
rr =  = 2π/λ. Here the reciprocal lattice vector gr  = 2πn/d 031 . The conditions of 
diffraction are that the sphere of reflection intersects a reciprocal lattice point, which 
corresponds to the diffraction planes. 
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2.1.3  Scattering by a crystal, intensity of the diffracted beam 
The intensity diffracted by a crystal can be expressed in general form as 
 ,
V
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(2.6) 
where C is a constant which includes the intensity scattered by a free electron and 
intensity of the primary radiation, Ω is the sample volume and V is the unit cell volume 
[57]. All other terms of the equation (2.6) are discussed in the following. 
 The contribution of the atomic nucleus to X-ray diffraction is negligible. Thus, only 
the electron density determines the interaction of the electromagnetic waves with an atom. 
J.J. Thomson derived a classical-theory formula for the intensity scattered by a free 
electron: 
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where I0 is the intensity of the primary beam, R is the distance from the scattering electron 
to the detector, e and m the charge and mass of the electron and c is the velocity of light. 
The term 



2
2
mc
e  is the classical radius of the electron. The product 
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I corresponds to the constant C in (2.6). The presence of the final term 
involving the cosine function is caused by the fact that the incident beam is unpolarised 
and the process of scattering partially polarises it. This term is known as the polarisation 
factor. 
 The intensity scattered by an isolated atom must be corrected for the atomic 
scattering factor f, which is related to the distribution of electrons within the atom: 
 ,dVe)r(f rki∫=
rrr ∆ρ
 
(2.8) 
where ( )rrρ  is the electron density. 
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 In order to predict the intensity of the radiation scattered from a crystal, the 
interference of the waves scattered from atoms in the unit cell must be considered. 
Summation of these waves gives the amplitude of the resulting wave, which is called the 
structure amplitude F. The observed intensity is then proportional to the square of the 
absolute value of this resulting amplitude |F|2, called the structure factor. The phase of the 
wave scattered from a crystal depends on the atoms coordinates in the unit cell. For a unit 
cell which consists of m atoms and the position of the jth atom is jr
r (xjyjzj) the structure 
amplitude becomes 
 ( )[ ] .lzkyhxin2expfF m
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(2.9) 
 Since atoms oscillate about their equilibrium positions, the atomic scattering factor 
f is reduced by thermal motion. The effect of increasing temperature on the diffracted 
intensity is described by the overall temperature factor: 
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where B is the atomic temperature factor, B = 8π 2U . Here 2U is the mean-square 
amplitude of an atom vibration. The factor W is also known as the Debye-Waller factor. 
 The Lorentz factor differs for different X-ray diffraction techniques and depends on 
the time each reciprocal lattice point remains in diffracting position on the Ewald sphere 
during the measuring process. If a detector scans through 2θ at a constant angular 
velocity, then the time each reciprocal point remains in the diffraction position is a 
function of the diffraction angle. Usually, the Lorentz factor is combined with the 
polarization factor and called Lorentz-polarization factor Lp: 
.
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 The number of equivalent planes (with identical d values and structure factor) of a 
particular {hkl} family, which diffract at the same 2θ angle, is called the plane multiplicity 
factor Mhkl. The multiplicity factor depends on the crystal symmetry. 
 Passing through a crystal the intensity of the incident and reflected beams is 
reduced because of absorption. Therefore, in case of a flat-plate sample the resulting 
intensity of the beam after passing through a layer of material of thickness t is: 
 ,tlineII o
µ−=
 
(2.12)
where I0 is the intensity of the incident beam and µlin is the linear absorption coefficient of 
the material. This effect is characterised by the absorption factor A, which additionally 
depends on the diffraction angle. At low diffraction angles the incident and reflected 
beams pass a longer path in the spacemen then at high diffraction angles. Therefore, the 
diffracted intensity of low-angle reflections is more attenuated by absorption, compared to 
the intensity of high-angle reflections.  
2.1.4  Experimental scans 
In the present work the measurements were carried out with a SEIFERT X-ray 
diffractometer XRD7 with Bragg – Brentano arrangement of the goniometer. An X-ray 
tube with a Cu anode operating at 40 kV and 36 mA was used as radiation source. A Ni-
absorption filter was used to reduce intensity of Cu-Kß line. The axial divergence of 
incident and diffracted beams was limited by Soller slits. A scintillation detector was used 
for data collection.  
 There are four particular scans which can be run on this equipment: 2θ – scan, 
asymmetric scan, symmetric scan and ω – scan. Additionally, the sample can be tilted 
around the axis perpendicular to the goniometer axis and rotated around the surface 
normal. In the following these four scans are described for the case of a complanar 
diffraction geometry. In this geometry the wave vectors of the incident and the diffracted 
beam and the surface normal of the sample lie in a common plane.  
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 In Fig. 2.2 the experimental scans are illustrated considering the Ewald sphere 
construction. In the insert the goniometer arrangement is shown. The rotation of the 
sample circle is denoted by ω, and that of the detector by 2θ. The angle between the 
incident beam and the diffracting plane is denoted by θ. The representation of the 
experimental scans in real space in terms of θ and 2θ angles is equivalent to the reciprocal 
space representation in terms of the scattering vector .kkk 0
rrr −=∆   
Fig. 2.2 Illustration of experimental scans in reciprocal space. 
There are four scans which are often used [58]: 
1. The 2θ – scan changes only the detector angle for a fixed angle of incidence ω. 
In this case k
r∆  - scan follows the Ewald sphere in reciprocal space. 
2. During the asymmetric scan the sample is rotated with a step of ∆ω = ∆θ and 
the detector with a step of ∆2θ around the goniometer axis so that ∆ω / 
∆2θ =1/2, but the angle of incidence ω is not equal to the reflection angle 2θ / 
2. This k
r∆  - scan is directed parallel to the reciprocal lattice vector gr  of a 
particular reciprocal lattice point. 
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3. The symmetric scan is performed by using ∆ω / ∆2θ =1/2 with ω = 2θ/2 (the 
incidence and reflection angles are equal). The symmetric or specular scan is a 
particular case of the asymmetric scan and the k
r∆  - scan is directed parallel to 
the sample surface normal in real space (or to the gz axis in our sketch).  
4. Performing ω – scan the sample is rotated across a fixed detector position. The 
k
r∆  - scan runs across the sphere of the radius | gr | of a particular reciprocal 
lattice point. The center of this sphere is in the reciprocal lattice origin.  
 
2.1.5  Measurements in Bragg – Brentano geometry 
For phase and qualitative texture analyses X-ray diffraction measurements have been 
carried out in Bragg – Brentano geometry [59]. This corresponds to the above described 
symmetric scan, but requires a special goniometer arrangement, namely focus of the X-
ray source, sample surface and detector slit lie on the same circle, called focus circle 
(Fig. 2.3).  
Fig. 2.3 Goniometer arrangement in Bragg-Brentano geometry. Focus of the X-ray tube F, 
sample surface and detector D lie on the same focus circle. The feature of this 
geometry is that only planes, which are parallel to the sample surface 
( )hkl(n
r
 || surfacen
r
), are diffracting. S1 and S2 are divergence and detector slits.  
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With increasing θ (correspondingly 2θ increases also) the planes with decreasing 
interplanar distance are in diffraction position. During the measurements in Bragg -
 Brentano geometry only planes, which are parallel to the sample surface, are diffracting, 
so that the information corresponding to different hkl diffraction peaks is related to 
differently oriented crystallites. Consequently, the method allows quick estimation of the 
preferred orientation. 
2.1.6  Methods of texture analysis 
Texture is defined as a preferred orientation of crystallites along a particular specimen 
direction. If the sample consists of crystallites with random orientations the specimen is 
referred to as polycrystalline. Very often crystalline materials show an anisotropy of their 
physical properties. Therefore, an information about texture in the specimen is of 
importance. 
 The simplest method of texture characterization is the comparison of the measured 
peak intensity I(hkl)j with the intensity of the corresponding jth reflection for randomly 
oriented crystallites R(hkl)j. If the irradiated volume is constant during the scan (for 
example measurements in Bragg-Brentano geometry), then the volume fraction of 
crystallites with a certain texture V(hkl) can be calculated considering the normalized 
integrated intensity of the recorded reflection. The Harris texture index (T) is often used 
as a quantitative characteristic of the texture degree:  
,
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where n is a number of registered reflections and j ∈ i. 
 However, this method can not be applied for highly textured specimens. Detailed 
information on the application of the Harris texture index can be found in the works of 
Valvoda [60,61]. 
 A particular preferred orientation of crystallites can be additionally characterised by 
FWHM - value (Full Width at Half Maximum) of ω - scans. This method does not 
provide any information on the volume fraction but describes the “quality” of the 
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orientation. The FWHM - value depends on the misorientation of different crystallites, so 
that a lower FWHM value corresponds to a lower misorientation. 
 Complete information about the orientations of crystallites in a specimen can be 
obtained by pole figure measurements [62]. The pole figure represents the intensity of a 
particular Bragg reflection in dependence on a direction in the three-dimensional 
specimen volume. During the pole figure measurements the incidence and the diffraction 
angles are fixed, so that only planes with the same interplanar distance are diffracting. The 
sample is tilted around the axis perpendicular to the goniometer axis in small steps. 
Additionally, the rotations around the surface normal are performed for each tilt position 
(Fig. 2.4). The results are explained by two-dimensional stereographic projections, which 
display a pole orientation as a function of two coordinates: tilt angle ψ and 
rotation angle φ.  
Fig. 2.4 Schematic representation of the pole figure measurements. The detector position is 
fixed at a 2θ value of the particular (hkl) reflection. During the measurements the 
sample is tilted from 0° to 90° (ψ) and simultaneously rotated for each tilting step 
from 0° to 360° (φ). 
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The schematic representation of the pole sphere with a cubic crystal in its centre and the 
stereographic projection of {100} planes is shown in Fig. 2.5. The normals to these planes 
intersect the surface of the pole sphere according to the crystal orientation. The 
intersection points are connected then with the opposite projection centre, South (resp. 
North) pole of the sphere. This connection line intersects, in turn, the equatorial plane of 
the pole sphere. The point of the intersection with the equatorial (projection) plane is 
called pole of the corresponding plane [63].  
Fig. 2.5 Schematic representation of a pole figure and corresponding stereographic projection. 
For the textured specimens pole density distribution provides quantitative information on 
the volume fraction of the crystallites with each orientation [64]. Pole density distribution 
can be obtained analysing the intensity distribution in pole figure measurements. A 
comprehensive treatment of this analysis can be found in Bunge [65,66]. 
2.1.7  X-ray analysis for thin films  
In this thesis thin (~ 40 nm) CrSi2 films have been investigated. The small specimen 
thickness influences the intensity of diffraction peaks. Therefore, a correction factor must 
be applied for the analysis of preferred orientation by using the Bragg - Brentano 
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geometry. In case of a bulk specimen the irradiated volume of the specimen is constant at 
all diffraction angles. The irradiated surface decreases with increasing 2θ angle. However, 
this decrease is compensated by the increase of the beam penetration depth. The 
penetration depth is defined by the material under investigation. It can be estimated by the 
following expression: 
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where ρµµ ×=lin is the linear absorption coefficient, ρ is the mass density. 
 The penetration depth for CrSi2 is in the order of micrometer, so, the contribution of 
the linear absorption coefficient can be neglected for measurements of the films with 
thicknessis smaller then the penetration depth. In this case the information depth is 
independent of the diffraction angle and the irradiated volume depends on the irradiated 
surface, which change is proportional to 1/sinθ. Consequently, the tabulated intensity data 
must be corrected for this factor.  
 Another problem of the analysis of preferred orientation arises when epitaxial 
structures are investigated. In this thesis we report on investigations of epitaxial films on 
Si(001) monocrystal substrates. Therefore, orientation of the layer crystallites respectively 
to the Si(001) plane is investigated. In our experiments the intensity of the Si(004) peak 
was observed to depend on the rotation angle. The intensity decreases by a factor of about 
two for a sample rotation by 90°. This effect can be caused by a sample holder adjustment 
as well as by the quality of the Si wafers, since they often have a small miscut angle. In 
the case of epitaxial growth the film peak intensity follows the same dependence as the 
substrate peak intensity. This can lead to wrong results when the preferred orientation of 
different samples must be compared. To avoid such incorrections we oriented our samples 
by rotation and tilting so that the Si(004) reflection had maximum intensity.  
2.2  X-ray reflectivity 
X-ray specular reflectivity (XRR) is a nondestructive method for determination of the 
thickness, the surface and interface roughness and the average electron density of a thin 
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layer. The reflection of x-rays at a single vacuum/medium interface can be described by 
the Fresnel laws of the classical optics: 
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here n1 and n2 are the indices of refraction for the respective media (for vacuum n = 1), α1 
is the angle between the incoming wave and the interface, α2 is the angle between the 
refracted wave and the interface.  
 Total external reflection (α2 = 0) occurs below a critical angle αc (Fig. 2.6), above 
the critical angle the reflectivity decreases very rapidly with increasing angle of incidence 
α  approaching approximately a α − 4 law for large angles (α >> αc) [67]. For X-rays, the 
complex index of refraction is given as  
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where πλρδ 2r
2
ee=  and πµλβ 4= , re = 2.818×10-15 m, the classical electron radius, 
ρe is the electron density of the material. The values of δ  and β  are in the order of 10-5 
and 10-7, respectively. Therefore for X-rays the index of refraction is slightly less than 
unity. According to the law of refraction (2.15) is δα −== 1ncos c . Since n is very 
close to unity, the critical angle is very small and a Taylor approximation in αc yields  
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Therefore, the electron density of a reflecting material can be directly calculated from αc.  
 In the case of a layered system, the multiple reflection from several interfaces has to 
be taken into account. A theoretical treatment of this case was made by Parrat in [68]. 
This approach is used in several computer programs for simulation and analysis of X-ray 
reflectivity. The influence of a root-mean-square (rms) roughness on the intensity of the 
reflectivity curve can be taken into account by including of Nevot-Croce factor in the 
Parrat formalism. Detailed treatment of the definition of the root-mean-square roughness 
can be found in Tolan et. al. [67]. The value of interface and surface roughness can be 
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obtained by performing computer fitting of the experimentally obtained reflectivity curve. 
Qualitatively the influence of the surface and interface roughness on the reflectivity curve 
can be seen in Fig. 2.6. The main effect of roughness on the reflectivity curve is that with 
increasing roughness the interference disappear. The surface roughness decreases the 
intensity of the whole curve with qz, whereas the interface roughness damps amplitude of 
the oscillations. In the present work the software Parrat 32 [69] was used to fit the 
reflectivity data. 
 XRR measurements allow to calculate thickness of a layer on a substrate. For 
angles α >αc a part of the beam penetrates into the layer and the reflection occurs at the 
layer surface and at the layer/substrate interface. The beam, reflected from the 
layer/substrate interface can be reflected again from the layer surface into the sample 
volume, that leads to a multiple reflection. The combination of these reflections results in 
interference maxima. The thickness of a layer can be calculated from the spacing between 
the maxima (Fig. 2.6): 
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where ( )λαπ /sin4q,0,0kkq z0 ==−= rrr  is the wave vector transfer. The components 
qx and qy are equal to 0 because the specular reflectivity is considered. 
 In our experiments an XRD 3000PTS diffractometer was used for the XRR 
measurements. A multilayer mirror was installed between the X-ray tube and a sample to 
decrease the divergence of the primary beam. To improve angular resolution the irradiated 
sample area was reduced by setting a knife-edge very close to the sample surface, as 
described in [70].  
 For very small angles of incidence the area irradiated by a beam can be larger as the 
sample area. Therefore the recorded intensity was corrected according to  
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where bα  is an angle at which the whole sample area is irradiated. It is given by 
)l/b(arcsin ib =α , ib  is the width of the incoming beam and l is the sample length [67]. 
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Fig. 2.6 Simulated reflectivity curves for a 40 nm CrSi2 layer on Si: a) interfacial roughness - 
0 nm, surface roughness - 0 nm; b) interfacial roughness - 1 nm, surface roughness - 
1 nm; c) interfacial roughness - 1 nm, surface roughness - 4 nm. The layer thickness t 
determines the oscillations period zq∆ , the layer electron density eρ  determines the 
critical angle αc and the roughness affects the decay of the reflectivity curve.   
2.3  Scanning electron microscopy 
Scanning electron microscopy was utilized to characterise surface morphology of the 
sample. This technique uses a focused electron beam with a very fine spot size to scan the 
sample surface. The electron energy ranges typically from 5 to 30 keV. Secondary 
electrons are originated from subsurface regions of the sample and collected to create an 
area map of the secondary emissions. SEM can focus on both the “hills” and “valleys” of 
an object at the same time, so that sharp images of very fine details are produced. Other 
signals which are generated by the scanning beam, namely backscattered electrons and 
characteristic X-rays can also be used.  
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 In the present work only secondary electron imaging, the most common imaging 
mode for the examination of the surface morphology, was used. The investigations were 
carried out on a Philips SEM515 (W-filament, 30 keV) at the TU Chemnitz. 
2.4  Transmission electron microscopy 
Transmission electron microscopy was used to analyse the structure of CrSi2 thin films as 
well as their orientation with respect to the Si substrate. TEM operates at much higher 
magnifications than SEM. Typically the primary beam electrons have an energy ranging 
from 100 up to 400 keV. This powerful technique allows to receive high-resolution lattice 
images and to look at individual atom arrays, therefore it can be used for interfacial 
analyses. Additionally, TEM allows to obtain electron diffraction, which provides 
information on orientation relations between the film and the substrate. But this technique 
requires a special sample preparation and moreover is destructive. Besides that, contrary 
to XRD, TEM yields information from small specimen areas. 
 There are two most commonly used imaging operations in TEM: bright field and 
dark field imaging. Bright filed images are formed by using the central spot of the 
diffraction pattern, which contains the unscattered electrons. This allows to enhance the 
image contrast. Dark field images are formed by using scattered electrons, i.e. by 
selecting a certain diffraction sport in the diffraction pattern. Dark field images give the 
opportunity to reveal crystallites with a particular orientation and provide additional 
information on the volume fractions of crystallites with a certain orientation.  
 In this thesis plane-view and cross-sectional samples were prepared for TEM 
analysis. Details of the sample preparation can be found in [71]. During plane-view 
investigations the electron beam has been oriented parallel to the sample surface normal, 
i.e. parallel to [001] in Si(001). In cross-sectional experiments electron beam has been 
aligned parallel to the Si[110] zone axis. The present research was carried out using a 
Philips CM20 FEG-SuperTWIN at an operating voltage of 200 kV with a point resolution 
of 0.27 nm. 
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2.5  Rutherford backscattering spectrometry  
Rutherford backscattering spectrometry is a powerful technique to determine 
composition, thickness and crystalline quality of thin films without damaging the 
specimen. A collimated high energy (E > 1 MeV) beam of He+ ions impinges on the 
target. At a certain depth the projectile ions with the mass mp are scattered on an atom 
nuclei with a mass Mn >> mp. Due to the interaction with the target nuclei, He+ ions lose a 
particular part of their energy, which is determined by the mass of the target atom. 
Additionally, the ions lose energy by passing through the layer due to inelastic scattering 
with electrons. This energy loss gives information about the depth, at which the 
backscattering occurs. The backscattered ions are collected in a detector and a 
backscattered yield as a function of energy spectrum is built up [72]. 
 In our experiments RBS channeling was used to characterise crystalline quality of 
the CrSi2 layers. For channeling measurements, the He+ beam has to be aligned with a 
major axis of the crystal (Si[001] in our case). Under this condition the backscattering 
yield will be much lower compared to that one measured in random geometry (i.e. 
backscattering yield from non-aligned crystal). The ratio of the aligned to the random 
yields defines a so called minimum yield χmin, which reflects the crystalline quality of 
epitaxial layers on a crystalline substrate. For example, the χmin value for a single crystal 
Si sample at room temperature is about 3%. 
 The measurements were carried out at Forschungszentrum Rossendorf. Spectra 
were taken with 1.7 MeV He+ ions at a scattering angle of 170°. 
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3  Experimental results 
In the present experiments thin (about 40 nm) CrSi2 films were grown by reactive 
codeposition and by the template technique. Silicon wafers with Si(001) orientation were 
used as substrates in all experiments. A schematic representation of both deposition 
processes is shown in Fig. 3.1. A detailed description of the reactive codeposition method 
and results of the samples characterisation are presented in section 3.1. In section 3.1.3 the 
influence of the substrate temperature (Tsub) on the silicide layer morphology and on the 
preferred orientation is discussed. In section 3.2 the results of the investigation of CrSi2 
films grown by the template method are given. In particular the role of the template 
thickness during the CrSi2 growth is analysed. Finally, the epitaxial relations in the 
CrSi2/Si(001) system and the lattice mismatch, which could affect the epitaxial growth, 
are discussed (see section 3.2.7.2).  
Fig. 3.1 Schematic representation of the reactive codeposition and the template method 
procedures. Here Tsub is a substrate temperature and tCr is a nominal thickness of Cr 
metal layer deposited prior to the codeposition process. 
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3.1  Reactive codepositon method 
Comparing the latest published experimental data (section 1.3.2), the reactive 
codeposition method was chosen for the growth of CrSi2 layers on Si(001) in the present 
research. The main advantage of this deposition technique over the solid phase reaction 
and reactive deposition is that the long range atomic diffusion can be limited. For silicide 
formation by RDE and SPR the atomic diffusion of the deposited and substrate material is 
essential. It was confirmed experimentally, that during the silicide formation by SPR and 
RDE the chemical reaction between Cr and Si occurs at the Cr/CrSi2 interface and Si is 
the dominant diffusing species (section 1.3.2). Therefore, to reach the Cr/CrSi2 interface, 
Si atoms have to diffuse through the already formed CrSi2 layer. This interdiffusion can 
be accompanied by the lateral atom diffusion. The lateral diffusion can cause the 
formation of holes or islands, which is commonly observed for CrSi2 films grown by 
RDE and SPR. This can be prevented by supplying the metal atoms simultaneously with 
Si atoms in a stoichiometric ratio, i.e. by the codeposition of Cr and Si (Fig. 3.1). 
3.1.1  Experimental details 
Deposition of Cr and Si was performed by an effusion cell and by electron beam 
evaporation, respectively. This deposition process was carried out under UHV conditions. 
The deposition system has a base pressure of 5×10–11 Torr and a pressure of 
about 910−  Torr during the deposition process. At first the 4” Si(001) substrates of n-type 
were exposed to a standard RCA clean and then etched in a HF solution immediately 
before being loaded into the UHV system. Then a 100 nm Si buffer layer was deposited at 
Tsub = 750°C with a deposition rate of 1 Å/s. The Si(001) (2x1) reconstruction observed 
by RHEED∗ indicated an atomically clean substrate surface before starting the deposition 
process. Finally, Cr and Si were codeposited in the stoichiometric ratio 1:2 at different 
substrate temperatures Tsub ranging from 400ºC to 800ºC with 100ºC steps. Cr and Si 
deposition rates were about 0.2 Å/s and 0.67 Å/s respectively∗∗. 
                                                          
∗ RHEED - Reflection High Energy Electron Diffraction. 
∗∗ Volumetric changes during CrSi2 formation: tsilicide ⁄ tCr = 3 and tsilicide ⁄ tSi = 0.9, t is a layer thickness. 
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3.1.2  Results and discussion 
3.1.2.1  XRD characterisation  
The formation of the CrSi2 phase was proved by XRD phase analysis within the whole 
substrate temperature range. The scans were taken in Bragg-Brentano geometry from 
2θ = 10° to 2θ = 120°. Experimental θ / 2θ scans as well as the tabulated intensity data for 
randomly oriented crystallites are shown in Fig. 3.2. The comparison of the measured 
XRD intensities (Fig. 3.2a) with the tabulated intensity data (Fig. 3.2b) strongly suggests 
that the layer crystallites grow with a preferred orientation of CrSi2(001) || Si(001) within 
all present experiments.  
 At a substrate temperature of 400°C three CrSi2 peaks were detected by the XRD: 
(110), (003) and (112). The intensities of the (110) and (112) reflections are too low to be 
seen in the comparison of the XRD scans shown in Fig. 3.2a, therefore they are 
additionally shown in Fig. 3.3. A rise of the substrate temperature from 400°C up to 
800°C leads to an increase of the intensities of all previously observed peaks. At 
Tsub ≥ 700°C an additional CrSi2(200) peak was detected.  
 It should be noticed that the sum of the intensities of all reflections, observed for 
every certain sample, increases with increasing substrate temperature. The film thickness 
is nearly the same in all investigated samples (Fig. 3.8) and all diffraction experiments 
were performed under the same conditions. Consequently, the irradiated volume does not 
change significantly with increasing substrate temperature and therefore can not cause the 
observed intensity rise. On the other hand, such increase of the sum of the intensities 
might be explained by an improvement of the crystallite orientation. The films under 
investigation have a thickness of about 40 nm and their crystallite size is small at low 
substrate temperatures (about 30 nm). Therefore, in case of the randomly oriented 
crystallites the XRD intensity is very low and can not be registered by measurements in 
Bragg-Brentano geometry in our experiments. 
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Fig. 3.2  a) Comparison of θ / 2θ  XRD scans for samples grown by the reactive codeposition at 
Tsub ranging from 400°C to 800°C; b) tabulated XRD intensity data for powder 
sample. 
Fig. 3.3  Comparison of θ / 2θ XRD scans for samples grown by the reactive codeposition at 
Tsub ranging from 400°C to 800°C. The CrSi2(003) peak is not shown. 
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 It should be stressed that all investigated films consist of crystallites one part of 
which exhibits random orientations and the other part exhibits several preferred 
orientations. During measurements in Bragg-Brentano geometry only planes, parallel to 
the sample surface, are diffracting. However, if the structure factor (see (2.9)) of a 
reflection which corresponds to these planes, is zero, orientation of the crystallite can not 
be determined. Therefore, in order to complete information about preferred orientations, 
pole figure measurements were performed using different CrSi2 reflections (results are not 
shown here). No additional crystallite orientation was observed. In the present thesis we 
assume that crystallites are randomly oriented if their orientation to the substrate can not 
be revealed by the XRD measurements. The XRD intensity of a (hkl) reflection becomes 
high enough to be registered only when a certain part of crystallites is preferentially 
oriented with their {hkl} planes parallel to the sample surface. Consequently, in our 
experiments four groups of crystallites with different preferred orientations are formed at 
Tsub ≥ 700°C: CrSi2(110) || Si(001), CrSi2(001) || Si(001), CrSi2(100) || Si(001) and 
CrSi2(112) || Si(001). The increase of the sum of the observed intensities suggests that 
with increasing substrate temperature the part of crystallites which exhibit random 
orientations becomes smaller while the part of preferentially oriented crystallites becomes 
larger. 
 Additional information can be obtained by analysis of the FWHM values (Full 
Width at Half Maximum) of a diffraction peak. In case of a polycrystalline sample 
following factors can contribute to the width of the diffraction line: (1) the mean 
crystallite dimension in the direction normal to the diffracting plane; (2) inhomogeneous 
strains; (3) instrumental factors.  
 Various methods have been proposed to calculate grain sizes and strains in a sample 
from the broadening of diffraction line [73,74]. The mean crystallite dimension can be 
determined using Scherrer's equation [62]. According to this equation the mean crystallite 
dimension is inversely proportional to the broadening of a diffraction line. A detailed 
treatment of strain analysis can be found in Noyan and Cohen [75]. However, these 
methods are mostly applied for polycrystalline samples, because several reflections have 
to be used. In our case each reflection registered by specular scan corresponds to a certain 
group of crystallites, for example, the CrSi2(003) peak corresponds to crystallites grown 
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with CrSi2(001) || Si(001); CrSi2(112)-respectively to the crystallites with 
CrSi2(112) || Si(001). Thus, for each crystallites group only one reflection is detected and 
therefore any quantitative analysis is not correct.  
 XRD investigation show, that the FWHM values of the CrSi2(110), CrSi2(003) and 
CrSi2(112) peaks decrease with increasing substrate temperature (Fig. 3.4). The FWHM 
values plotted in Fig. 3.4 are corrected for the instrumental broadening. The instrumental 
broadening was determined by measuring a standard polycrystalline Si sample. The three 
other causes of the broadening, mentioned above, can not be excluded in our case. Thus, 
the decrease of the FWHM values with the rising Tsub might be caused by the following 
factors: an increase of the average grain size; relaxation of strains (for example due 
formation of holes); improvement of the crystallite orientations. 
Fig. 3.4 The decrease of the FWHM values of the XRD peaks in specular scan can be caused 
by the following factors: an increase of the average grain size; relaxation of strains 
(for example due formation of holes), improvement of the crystallite orientations. 
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3.1.2.2  Morphology of the CrSi2 layers 
The influence of the substrate temperature on surface and interfacial roughness of the 
CrSi2 films was studied by X-ray reflectometry (XRR). Fig. 3.5 shows XRR data for 
CrSi2 layers grown at Tsub ≤ 600°C. The XRR intensity decays more rapidly with qz (qz is 
the z - component of the wave vector transfer (see eq. (2.18)) for layers grown at higher 
temperatures. The main effect of roughness is a decrease of the intensity of the XRR 
curve (see Fig. 2.6). This shows that with the substrate temperature rise the CrSi2 layer 
becomes rougher. For samples grown at Tsub ≥ 600°C no interference pattern was 
observed. This can be explained by a high layer roughness. A roughness value of 
about 5 nm is commonly observed to inhibit oscillations for the reflectometry 
measurements [76,77]. As can be seen in Fig. 3.5 at Tsub = 600°C the critical angle of the 
corresponding XRR curve has a smaller value, which is also caused by a high layer 
roughness.  
Fig. 3.5 Comparison of XRR curves for samples grown by reactive codeposition at Tsub 
ranging from 400°C to 600°C. 
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Simulated reflectivity curves for layers deposited at 400°C and 500°C are shown in 
Fig. 3.6 and Fig. 3.7  respectively. The simulated XRR curves have deeper minima of the 
oscillations than the experimental curves. This is explained by the divergence of the 
primary beam and inhomogeneity of the layers. The XRR data were fitted using the 
parameters given in Table 3.1. The increase of the substrate temperature from 400°C to 
500°C leads to an increase of both, the rms roughness of the Si(001)/CrSi2 interface and 
the rms roughness of the CrSi2 surface. 
Fig. 3.6 XRR experimental data and fitted curve for CrSi2 layer grown on Si(001) by reactive 
codeposition at 400°C. 
Because of a high surface roughness (more then 5 nm) it is not possible to characterise 
morphology of the films grown at Tsub ≥ 600°C by XRR. Therefore, to obtain information 
about the influence of Tsub on the layer morphology in the whole temperature interval 
SEM investigations were carried out. Respective micrographs are presented in Fig. 3.8b. 
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Fig. 3.7 XRR experimental data and fitted curve for CrSi2 layer grown on Si(001) by reactive 
codeposition at 500°C. 
 
 
density / gcm-3 thickness / nm rms roughness / nm 
 
theory 400°C 500°C 400°C 500°C 400°C 500°C 
CrSi2 4.98 5.0 ± 0.2∗ 5.0 ± 0.2* 48 ± 0.5* 46 ± 0.5* 2.95 ± 0.2* 3.20 ± 0.2*
Si 2.33 2.4 ± 0.2* 2.4 ± 0.2* - - 1.50 ± 0.2* 2.0 ± 0.2*
 
Table 3.1 Fitting parameters for the specular XRR data. The corresponding fitted curves are 
shown in Fig. 3.6 and Fig. 3.7. 
 
                                                          
∗ The accuracy of the fitting data was defined by Kehr in [78]. 
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SEM investigations show that the surface roughness of the films significantly increases 
with increasing substrate temperature from 500°C up to 800°C (Fig. 3.8b). At 
Tsub ≤ 600ºC the silicide films are observed to be closed and homogeneous in thickness 
with a crystallite size ranging from 20 nm to 60 nm, as visible in cross-sectional TEM 
micrographs (Fig. 3.8a). At Tsub = 700ºC silicide grains with lateral dimensions of about 
150 nm are formed. These crystallites have elongated rectangular form in the cross-
section. The film consists of crystallites with different thicknesses, that results in a higher 
interfacial roughness. Additionally, the formation of holes was indicated by cross-
sectional TEM investigations (not shown here), but the hole size is very small and their 
density is very low. The increase of the substrate temperature up to 800ºC leads to an 
further increase of the grain size, some grains reach 300 nm in diameter (see SEM 
micrographs in Fig. 3.8b).  
Fig. 3.8 Cross-sectional TEM images (a) and SEM micrographs (b) of CrSi2 layers prepared by 
reactive codeposition of Cr and Si at the substrate temperature ranging from 400°C to 
800°C. 
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At this temperature the layer consists of crystallites with different thicknesses varying 
from 50 nm to 100 nm. It is visible that CrSi2 grains tend to take a round form. Moreover, 
at Tsub = 800ºC the hole size and the hole density increase so that the silicide layer does 
not cover the Si substrate completely (Fig. 3.8b). 
 To obtain more information about the lateral size of CrSi2 crystallites, plan-view 
TEM investigations of the sample grown at Tsub = 700°C was performed (Fig. 3.9). The 
silicide layer consists of grains with different lateral dimensions: the smallest visible 
crystallites are about 30 nm in size while the largest are about 150 nm. 
 Fig. 3.9 Plan-view TEM micrograph of the CrSi2 layer grown by reactive codeposition at the 
substrate temperature 700°C. The silicide layer consists of crystallites with different 
size ranging from 30 nm to 150 nm. 
3.1.2.3  Crystalline orientation 
XRD investigations show that the CrSi2 crystallites exhibit several different orientations 
relative to the Si substrate (see section 3.1.2.1). However, the increase of the substrate 
temperature manly induces the increase of number of crystallites which grow with 
CrSi2(001) || Si(001). It is visible in Fig. 3.2, and Fig. 3.3, that the intensity of the 
CrSi2(003) peak increases more rapidly with increasing substrate temperature than the 
intensities of other peaks. Therefore the crystallites oriented with CrSi2(001) || Si(001) are 
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of special interest in the present research and the influence of the substrate temperature on 
the CrSi2(001) orientation should be considered in more detail.  
 In Fig. 3.10 a plot of the integrated XRD intensity of the CrSi2(003) peak is shown 
in dependence on the substrate temperature. The integrated XRD intensity of the (003) 
reflection increases by a factor of about 12 with the substrate temperature rise from 400°C 
up to 800°C. However, at Tsub = 800°C the (003) peak became only 1.2 times higher than 
that one of the sample grown at Tsub = 700°C, while the sum intensity of the (110), (200) 
and (112) reflections increased by a factor of about two (see Fig. 3.3). This means that the 
part of the disilicide grains, which grow with CrSi2(110), CrSi2(100) and CrSi2(112) 
planes parallel to Si(001), became larger.  
 The improvement of the CrSi2(001) orientation has been also confirmed by rocking 
curve measurements. With increasing substrate temperature the FWHM value of the 
CrSi2(003) peak decreases from 2.0º to 0.6º (Fig. 3.10)∗.  
Fig. 3.10 Integrated XRD intensity of θ / 2θ  scan and FWHM value of the rocking scan of the 
CrSi2(003) reflection as a function of the substrate temperature. 
                                                          
∗ The FWHM of the rocking scan of the Si(004) reflection is 0.3°. 
Experimental results 59 
 As was shown above, the hole size and the hole density significantly increase at 
Tsub > 700°C. Therefore, in spite of the fact that CrSi2(001) orientation is improved further 
at Tsub = 800°C, the substrate temperature of Tsub = 700°C is considered to be the 
preferable for the growth of CrSi2 films by the reactive codeposition. 
 Neither XRD specular scans nor rocking scans can show whether the silicide grains 
with CrSi2(001) || Si(001) are preferentially oriented in the CrSi2(001) plane. The 
complete information about orientation relations in film/substrate systems can be 
provided by pole figure measurements. Since the in-plane orientation of crystallites with 
CrSi2(001) || Si(001) is of special interest in the present work, already a "part" of a pole 
figure is sufficient to reveal this orientation. In our measurements the samples were first 
tilted by a certain angle ψ relatively to the starting position of the surface normal and then 
rotated around the "tilted" surface normal from φ = 0° to φ = 360°. The tilting angle (ψ) 
depends on the choice of the reflection which is used for the measurements. For our 
measurements the CrSi2(114) reflection (ψ = 35.7°) was used to reveal the orientation of 
the silicide layer and Si(111) reflection (ψ = 54.7°) was used to reveal the orientation of 
the substrate.  
 The results of the scans obtained for the sample grown at Tsub = 700°C are shown in 
Fig. 3.11. The intensities of the CrSi2(114) peak of all samples deposited at Tsub > 500°C 
(experimental results are shown only for Tsub = 700°C) evidence the analogous 
dependence on the rotation angle. Unfortunately, the CrSi2(114) intensity of the layer 
grown at 400°C and 500°C is too low to be registered. 
 Twelve peaks with a periodicity of 30° are observed in Fig. 3.11b. The rotation scan 
of the Si(111) reflection shows four peaks (Fig. 3.11a). Stereographic projections were 
calculated to reveal the orientation relation between the CrSi2 layer and the Si substrate. 
In Fig. 3.11c and Fig. 3.11d the corresponding Si/CrSi2 standard (001)-stereographic 
projections of the Si{111} planes and CrSi2{114} planes are shown. According to the 
stereographic projections the observed intensity dependence of the CrSi2(114) reflection 
on the rotation angle reveals the epitaxial growth with CrSi2(001)[100] || Si(001)[110], 
which is referred to as (001)-orientation [79]. This orientation explains six of the twelve 
CrSi2(114) peaks observed on the rotation scan. The six additional poles, rotated by 90º, 
occur because of the fourfold symmetry axis in the Si[001] direction. Consequently, the 
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film growth with two perpendicular domains is expected, i.e. the second found domain of 
the (001)-orientation is CrSi2(001)[100] || Si(001)[11 0]. The slight intensity variation 
observed in the rotation scan is caused by the limited instrumental resolution of the 
rotation angle scale (limited step width). The intensity of all twelve peaks is nearly the 
same, consequently the fractions of CrSi2 crystallites which belong to the first and to the 
second domain are equal.  
Fig. 3.11 a) Rotation scan of the Si(111) reflection performed at the tilt angle ψ = 54.7°; b) 
rotation scan of the CrSi2(114) reflection performed at ψ = 35.7°. Results are obtained 
on the silicide layer grown by reactive codeposition at Tsub = 700°C. c) Standart (001)-
stereographic projection of the Si{111} planes. d) Standart (001)-stereographic 
projection of the CrSi2{114} planes. The CrSi2 layer shows the following orientation 
relations to the Si substrate: CrSi2(001)[100] || Si(001)[110] and 
CrSi2(001)[100] || Si(001)[11 0]. 
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 This orientation relation was confirmed by TEM plan-view investigations. TEM 
diffraction pattern obtained for the sample grown at Tsub = 700°C and its simulation 
representing one domain of the (001)-orientation are shown in Fig. 3.12. Unfortunately, in 
our experiments it was not possible to reveal both domains simultaneously by dark filed 
imaging using the objective aperture. Thus, in the corresponding dark field image only the 
crystallites belonging to one domain of the (001)-orientation are exposed (Fig. 3.12d). As 
was shown by the XRD rotation scan the fractions of crystallites which belong to the first 
and to the second domain are equal, therefore the number of crystallites in the dark field 
image will be two times larger if considering all grains which exhibit the (001)-
orientation. The part of crystallites oriented with CrSi2(110) || Si(001), 
CrSi2(100) || Si(001) and CrSi2(112) || Si(001) is too small to reveal the corresponding in-
plane orientations either by XRD nor by TEM.  
 In Fig. 3.13 a schematic representation of the epitaxial (001)-orientation with two 
perpendicular domains is given. Only Cr atoms of the CrSi2 layer and Si atoms of the 
Si(001) plane are shown to illustrate the orientation relations of CrSi2 on the Si substrate.  
 In general four physically equivalent domains are possible if we consider the 
symmetry of the substrate only. In the cubic Si lattice the [001] direction is a fourfold 
symmetry axis, which involves a rotation by 90º. However, the hexagonal CrSi2 lattice of 
the layer contains a sixfold axis (rotation by 60°) parallel to the base lattice vector cr . 
Consequently, the rotation by 180° transforms the CrSi2/Si system into itself. Therefore, 
only two domains appear in the case of the film growth with CrSi2(001) || Si(001). A 
detailed discussion of the lattice mismatch between CrSi2 and Si(001) is given in 
section 3.2.7.2. 
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Fig. 3.12  Plan-view TEM selected area diffraction pattern (a) for the sample grown at 
Tsub = 700°C and corresponding simulation (b) confirm that CrSi2 crystallites grow 
with (001)-orientation. The diffraction pattern shows one domain of this orientation: 
CrSi2(001)[100] || Si(001)[110]. Additional spots observed around the CrSi2 and Si 
diffraction spots are generated due to multiple scattering. The circle radii in the 
simulation are proportional to the spot intensity, which is specified by the structure 
factor. The corresponding bright field (c) and dark field (d) images are shown to 
reveal the CrSi2 crystallites which have (001)-orientation.  
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Fig. 3.13 Schematic sketch of the two perpendicular CrSi2 domains of (001)-orientation on 
Si(001). The second domain can be obtained by 90° rotation of the first domain 
around the Si[001] direction. 
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3.1.3  Discussion  
Substrate temperature and deposition rate are the main variables which can be changed 
during the reactive codeposition process. In our experiments we have studied the 
influence of the substrate temperature on the morphology and crystalline orientation of 
CrSi2 layers grown on Si(001). The temperature range from 400°C to 800°C was 
investigated, and the deposition rates of Cr and Si, as well as the nominal deposited 
thickness, were kept constant. 
 The CrSi2 layers grown by codeposition have a grain structure at all substrate 
temperatures, as visible in the cross-sectional TEM micrographs (see Fig. 3.8). Grain 
boundaries intersect the whole layer starting from the silicide/silicon interface and 
extending to the silicide surface without breaking. This fact suggests that the CrSi2 growth 
on Si(001) follows the island (Volmer-Weber) growth mode (see section 1.3.1.1).  
 The following changes in the layer morphology and orientation have been observed 
with increasing substrate temperature: 
• an increase of the fraction of preferentially oriented crystallites; 
• an increase of the CrSi2 lateral crystallite size from about 40 nm at 
Tsub = 400°C up to 300 nm at Tsub = 800°C; 
• an alteration of the layer morphology from closed continuous layers at 
Tsub ≤ 600°C to layers consisting of grains with different thickness and 
containing silicide free regions at Tsub = 800°C. 
The observed Tsub influence on the preferred orientation and grain size can be explained 
according to the classical concepts of nucleation (see section 1.3.1.1). Furthermore, an 
increased diffusivity of adatoms at high temperature can induce the mentioned changes in 
layer structure and morphology. In particular, formation of silicide free regions at 
Tsub = 800°C indicates the strong lateral diffusion at this temperature. 
 Furthermore, the formation of holes during the CrSi2 growth at Tsub ≥ 700°C can be 
caused by an increase of the lattice mismatch in the CrSi2/Si system at elevated 
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temperatures, which in turn is caused by the large difference in the thermal expansion 
coefficients of silicon (α = 2.6 × 10-6 K-1) and CrSi2 (α = 8.18 × 10-6 K-1) [11].  
3.1.4  Summary 
The reactive codeposition of Cr and Si onto Si(001) substrates at different substrate 
temperatures ranging from 400°C to 800°C results in formation of CrSi2 films with the 
preferred orientation of their crystallites of CrSi2(001) || Si(001). It has been shown that 
morphology and orientation of the grown layers strongly depend on the substrate 
temperature. 
 The reactive codeposition at Tsub ≤ 600°C results in formation of closed silicide 
layers with small grains. At Tsub = 700°C formation of holes occurs, and at 800°C the 
silicide layer does not cover the substrate completely. The grain size of the CrSi2 
crystallites increases by an order of magnitude with the substrate temperature rise from 
400°C up to 800°C. 
 All investigated films contain a part of randomly oriented crystallites as well as 
crystallites, which exhibit several different preferred orientation to the substarte. The 
temperature rise from 400°C to 800°C mainly induces an increase of the fraction of 
crystallites, which are oriented with CrSi2(001) || Si(001).  
 The reactive codeposition at Tsub ≥ 600°C leads to the growth of locally epitaxial 
films. The epitaxial orientation of the silicide grains, which grow with 
CrSi2(001) || Si(001) was determined by XRD pole figure measurements and confirmed 
by TEM diffraction experiments: CrSi2(001)[100] || Si(001)[110]. The Si[001] fourfold 
symmetry axis of the Si(001) substrate leads to the appearance of a second perpendicular 
domain: CrSi2(001)[100] || Si(001)[11 0]. 
 Since the formation of holes occurs at Tsub ≥ 700°C the optimal substrate 
temperature for the reactive codeposition of Cr and Si is considered to be 700°C. The fact 
that the increase of the substrate temperature results in a larger grain size as well as in an 
improved orientation of crystallites can be explained according to the classical capillarity 
theory. The observed changes can be connected with the reduced nucleation and the 
increase of the atom surface mobility with increasing temperature.  
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3.2  Template technique 
The "template technique" for epitaxial growth of silicides was introduced for the first time 
in 1983 by Tung et al. [80]. Applying this technique high quality epitaxial NiSi2 and 
CoSi2 films were grown on Si(111) and Si(100) [81-83]. The template technique consists 
of two steps: 
• first an ultrathin uniform single crystal silicide layer, called "template", is 
grown on Si at low temperatures; 
• then a silicide layer of the desired thickness is grown on top of the template at 
a higher temperature. 
According to the concept of Tung [49], the template method "takes advantage of the 
uniformity and stability of heteroepitaxial interfaces at a lower growth temperature and 
combines it with the good quality of overgrown films at a higher growth temperature". In 
the following a short overview of the published results on CoSi2 and NiSi2 growth on Si 
applying the template technique will be given. 
 The reaction of a few monolayers (ML) of metal with a clean semiconductor 
surface differs from the reaction of hundreds of angstroms of material. It was shown that 
continuous single crystal CoSi2 and NiSi2 films can be grown on silicon by deposition of 
a few monolayers of Co (resp. Ni) already at low temperatures. The deposition of a thin 
Co layer (nominal thickness should not exceed 5 ML) onto a clean Si(111) substrate can 
result in the formation of epitaxial CoSi2 at room temperature [84]. Epitaxial NiSi2 layers 
can be formed on Si(111) and Si(001) by deposition of a few ML of Ni followed by a 
short-time annealing at 400 - 500°C [85,86]. 
 Tung et. al. have studied the formation of "thick" (~ 7.2 nm) NiSi2 and CoSi2 
epitaxial layers applying codeposition at room temperature onto a thin (in the order of 
tenth of nm) silicide template layer. It was shown that for the NiSi2/Si(111) and 
CoSi2/Si(111) systems the template layer can be formed by two methods [81]: 
• deposition of some monolayers (ML) of metal at RT followed by subsequent 
short-time (1-5 min) annealing at low (400 - 500°C) temperature;  
68  Template technique 
• deposition of some monolayers of metal at RT without subsequent annealing. 
The last method can lead to the formation of a single crystal silicide template due to the 
high reactivity of Co and Ni with the Si atoms of the clean Si surface. The deposition of a 
few monolayers of Ni at RT results in considerable intermixing between metal atoms and 
atoms of Si(111) substrate [87,88]. The structure of this disordered layer is still not 
resolved. Nevertheless, epitaxial NiSi2 films were grown by codeposition of Ni and Si at 
RT on top of the template formed at RT without subsequent annealing [89]. A minimum 
channeling yield of about 2% was observed by RBS. Electron diffraction showed no 
evidence of polycrystalline or amorphous phase at the interface of these layers. 
Considering these results Tung et al. suggest that the formation of an epitaxial NiSi2 
template occurs already at RT. 
 Beyond, Tung et al. [84] showed the morphology and orientation of the NiSi2 
template to depend strongly on the nominal thickness of the predeposited metal layer 
(tMetal), and, in turn, to predetermine morphology and orientation of the subsequently 
grown thick disilicide film. It was found, that for growth of continuos single crystal CoSi2 
films on Si(111) the thickness tCo should lie between 0.2 and 0.3 nm [81]. Thus, for these 
silicide/silicon systems there exists a certain optimal template thickness, which is required 
for the growth of high quality epitaxial layers.  
 Despite the number of attempts to clarify the influence of the template on the 
energies and kinetics of the growth processes, there is no theoretical model which could 
help to predict the optimal template thickness and to explain its role in the silicide 
formation. 
 In the present work the template technique was applied for the first time to grow 
CrSi2 layers on Si(001). This growth method was used in order to improve the quality of 
the films grown by the reactive codeposition in terms of the uniformity of crystallite 
orientation and extent of the silicon surface coverage with the silicide. The CrSi2 
templates were formed by room temperature deposition of a few monolayers of Cr onto 
Si(001) followed by heating up the wafer to the growth temperature, required for the 
reactive codeposition.  
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3.2.5  Experimental details 
The substrate temperature, deposition rates and the total silicide layer thickness were kept 
constant in all experiments. The nominal thickness of the metal layer deposited prior to 
the reactive codeposition (tCr) was chosen as a variable parameter. Investigations were 
performed in two sets. In a first series of experiments a large thickness interval (tCr from 
0.0 nm to 2.5 nm) was studied. The metal thickness was changed in steps of 0.5 nm in 
order to confine the thickness region, in which the CrSi2 layers of the best quality are 
formed. Then this thickness interval (tCr from 0.2 nm to 1.0 nm) was investigated more 
precisely. In a second series the Cr thickness of tCr = 0.20, 0.32, 0.35, 0.41, 0.42, 0.52, 
0.69 nm was realised. 
 Before starting the deposition process the 4" Si(001) substrates of n-type were 
exposed to a standard etching procedure, followed by deposition of a Si buffer layer as 
described in section 3.1.1. As the next step, some monolayers∗ of Cr were deposited with 
a rate of about 0.05 Å/s onto the Si buffer at room temperature. The Cr deposition in the 
first set of experiments was performed by an effusion cell with an accuracy of about 
∆tCr = ± 0.1 nm∗∗. To improve the accuracy of tCr in the second set of experiments the Cr 
deposition was performed by electron beam evaporation with ∆tCr = ± 0.03 nm∗∗∗ [90]. 
Then the substrate temperature was ramped up to 700°C within 15 minutes. After that Cr 
and Si were codeposited in the stoichiometric ratio of 1:2 onto the already formed CrSi2 
template. The total thickness of the grown CrSi2 films is about 40 nm . 
                                                          
∗ One monolayer (ML) of Cr on Si(001) corresponds to 6.78×1014 at/cm2. Thus 1 nm of deposited Cr is 
equivalent to ~ 12 ML. 
∗∗ Thickness of the Cr layer (tCr) determined ex-situ by RBS. ∗∗∗ Thickness of the Cr layer (tCr) determined in situ by Auger electron spectrometry [90]. 
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3.2.6  Results and discussion 
3.2.6.1  First experimental series  
A comparison of XRD scans of the CrSi2 layers grown by the reactive codeposition at 
700°C (tCr = 0.0 nm) and by the template technique (tCr = 0.5 nm and tCr = 1.0 nm) is 
shown in Fig. 3.14. The scans were taken in Bragg-Brentano geometry from 2θ = 10° to 
2θ = 120°. Only reflections from {110}, {001}, {100} and {112} planes were detected 
within the whole 2θ range. According to these results all layers grown by the template 
technique exhibit the same strong CrSi2(001) preferred orientation as films grown by 
reactive codeposition. 
Fig. 3.14 a) Comparison of θ / 2θ XRD scans for samples grown by reactive codeposition 
without template (tCr = 0.0 nm) and by the template technique at tCr = 0.5 nm and 
tCr = 1.0 nm; b) tabulated XRD intensity data for powder CrSi2 sample. 
 
The parts of the XRD scans which show the intensities of the (110), (200) and (112) 
reflections in dependence on tCr are shown in Fig. 3.15. No considerable change of the 
XRD intensity was observed for layers grown at tCr > 1.0 nm compared to those grown at 
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tCr = 1.0 nm. Therefore XRD scans for layers grown at tCr > 1.0 nm are not presented in 
the comparison. 
Fig. 3.15 Comparison of θ / 2θ XRD spectra for samples grown by the reactive codeposition 
without template (tCr = 0.0 nm) and by the template technique at tCr of 0.5 nm and 
1.0 nm. 
XRD results show that, analogously to reactive codeposition, the major part of CrSi2 
crystallites grows with the preferred (001)-orientation. Therefore, in further discussion the 
influence of tCr on XRD intensity of the CrSi2(003) reflection is considered in more 
details. A plot of the CrSi2(003) peak intensity in dependence on the nominal 
predeposited Cr thickness is shown in Fig. 3.16. As visible, the predeposition of the thin 
Cr layer leads to an increase of the number of the crystallites, which exhibit (001)-
orientation.  
 The FWHM value obtained from rocking curve measurements of the CrSi2(003) 
reflection decreases from 0.66° for the layer grown without a template to 0.55° for layers 
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grown on CrSi2 templates. This also confirms the improvement of the preferred (001)-
orientation (Fig. 3.16)∗. 
Fig. 3.16 Integrated XRD intensity of θ / 2θ  scan and FWHM value of the rocking scan of the 
CrSi2(003) reflection as a function of the nominal Cr thickness tCr. 
The strongest degree of (001)-orientation was observed for the sample grown at 
tCr = 0.5 nm. As visible in Fig. 3.16, the deposition of a 0.5 nm Cr film at RT prior to the 
Cr/Si codeposition leads to an increase of the CrSi2(003) peak intensity by a factor of 
about 10. Simultaneously the sum intensity of the (110), (112) and (200) CrSi2 reflections 
decreases by a factor of about 1.5 (qualitatively this change can be seen in Fig. 3.15). 
Further increase of tCr to 1.0 nm results in a decrease of the CrSi2(003) peak intensity by a 
factor of about 3. The increase of the nominal Cr thickness from 1.0 nm to 2.5 nm does 
not considerably influence the CrSi2(003) intensity (Fig. 3.16). Thus, the part of grains 
which grows with CrSi2(001) || Si(001) becomes smaller with increasing tCr from 0.5 nm 
to 1.0 nm and stays nearly the same with further tCr rise up to 2.5 nm. 
                                                          
∗ The FWHM of the rocking scan of the Si(004) reflection is 0.3°. 
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 Pole figure measurements were performed using the CrSi2(114) and Si(111) 
reflections in order to determine the in-plane orientation of the layers relatively to the 
substrate. For all samples grown by the template technique at tCr ranging from 0.5 nm up 
to 2.5 nm the experimental results are analogous. Fig. 3.17a shows the pole figure 
obtained for the CrSi2 / Si(001) system grown at tCr = 0.5 nm. Stereographic projections 
were calculated to explain experimental pole figures (Fig. 3.17b). Similar to the samples 
grown by the reactive codeposition (section 3.1.2.3) the crystallites have the (001)-
orientation with two perpendicular domains: CrSi2(001)[100] || Si(001)[110] and 
CrSi2(001)[100] || Si(001)[11 0]. 
Fig. 3.17 a) Experimental pole figure measured using the CrSi2(114) reflection. The 
measurements were performed for the sample grown at tCr = 0.5 nm;  
b) standart (001)-stereographic projection of the CrSi2{114} planes. The CrSi2 layer 
consists of crystallites with the following orientation relations to the Si substrate: 
CrSi2(001)[100] || Si(001)[110] and CrSi2(001)[100] || Si(001)[11 0]. 
The influence of the template thickness on the morphology of the silicide layer was 
investigated by SEM and TEM. SEM study of the films grown at tCr = 0.5 nm shows the 
formation of smooth silicide regions having lateral dimensions up to 5 micrometers (top 
micrograph in Fig. 3.18). Plan-view TEM study shows these regions to consist of large 
monocrystalline grains with a lateral size of about 1 µm (Fig. 3.19). The thickness of these 
crystallites is homogeneous, as can be seen in cross-sectional TEM (Fig. 3.18). But, holes 
are still present in this layer.  
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 The major part of the CrSi2 layer has a rough surface. These regions consist of 
silicide grains having a lateral size of about 100 nm and different thicknesses varying 
from 40 nm to 80 nm (see TEM micrograph in Fig. 3.18).  
Fig. 3.18 SEM micrograph and cross-sectional TEM images of CrSi2 layer grown at 
tCr = 0.5 nm. The major part of the layer has a rough surface and interface, caused by 
the small crystallites with different thicknesses. Additionally, the layer contains large 
smooth regions having lateral dimensions up to 5 µm (see marked regions). Film 
thickness in these regions is homogeneous. 
Cross-sectional TEM diffraction pattern and the corresponding simulation for the sample 
grown at tCr = 0.5 nm are shown in Fig. 3.20a,b. TEM diffraction study confirms that the 
CrSi2 films are locally epitaxial. Dark field images show that the large crystallites of the 
regions with the smooth surface have (001)-orientation (Fig. 3.20c). One domain of this 
orientation (CrSi2(001)[100] || Si(001)[110]) is shown in Fig. 3.20. Cross-sectional 
electron diffraction patterns (not shown here) suggest that the small crystallites have 
different orientations. 
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Fig. 3.19 Plan-view TEM bright field (a) and dark field (b) images show a crystallite which 
belongs to the regions with smooth surface, indicated in SEM micrograph (Fig. 3.18). 
Its lateral size reaches 1 µm. Change in contrast and holes within the crystallite are 
caused by specimen preparation. 
Fig. 3.20 Cross-sectional dark field image shows that the crystallites, which belong to the 
smooth regions, indicated in SEM micrograph in Fig. 3.18, have (001)-orientation: 
CrSi2(001)[100] || Si(001)[110]. 
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At tCr higher then 0.5 nm the size of regions with large grains decreases and finally these 
regions disappear for tCr ≥ 2.0 nm (Fig. 3.21). The size and area density of holes increase 
in the tCr region from 0.5 nm to 1.5 nm and decrease with further tCr rise up to 2.5 nm.  
Fig. 3.21 SEM micrographs of CrSi2 layers prepared by reactive codeposition without template 
(tCr = 0.0 nm) and by the template technique at tCr ranging from 0.5 nm to 2.5 nm. 
The experimental results show that CrSi2 layers grown by the template technique at 
tCr = 0.5 nm consist of crystallites which have the largest lateral dimensions and exhibit 
the strongest degree of (001)-orientation. Since the further increase of tCr up to 1.0 nm 
leads to a deterioration of the layer quality, the optimal thickness of the deposited Cr layer 
is considered to be smaller then 1.0 nm.  
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3.2.6.2  Second experimental series 
As was shown previously, the optimal tCr value is smaller then 1.0 nm. However, tCr was 
varied with a step of 0.5 nm, which was chosen by considering the limited accuracy of the 
deposition by effusion cell (∆tCr = ± 0.1 nm∗). In the present set of experiments the 
deposition was performed by electron beam evaporation with an accuracy of 
∆tCr = ± 0.03 nm∗∗, that allows to investigate the influence of tCr on the quality of CrSi2 
layers more precisely.  
 Fig. 3.22 shows the XRD intensity of the CrSi2(003) peak as a function of tCr. It is 
visible that the highest intensity was detected for samples prepared at 
0.35 nm ≤ tCr ≤ 0.52 nm.  
Fig. 3.22 Integrated XRD intensities of the CrSi2(003) reflection plotted over the nominal 
deposited Cr thickness tCr. 
 
                                                          
∗ Thickness of the Cr template layer (tCr) was determined ex-situ by RBS. ∗∗ Thickness of the Cr template layer (tCr) was determined in situ by Auger electron spectrometry [90]. 
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CrSi2 templates, formed by deposition of 0.2 nm and 1.0 nm Cr, do not lead to any 
considerable change of the intensity of the CrSi2(003) peak, compared to the sample 
grown without template. For all samples the XRD intensities of other observed CrSi2 
reflections (CrSi2(110), CrSi2(200), CrSi2(112)) are two orders of magnitude lower than 
the intensity of the CrSi2(003) peak and do not vary with tCr rise (results are not shown). 
 The surface and interface roughness of the CrSi2 layers have been analysed by X-
ray reflectometry (Fig. 3.23). The plotted reflectivities can be divided into three groups 
considering the amplitude of the XRR oscillations. Reflectivity curves, obtained for 
samples grown at 0.35 nm ≤ tCr ≤ 0.52 nm, have the highest amplitude. The rms (root-
mean-square) surface roughness, obtained by fitting the XRR curves, has a value of about 
2.2 nm∗ for these layers. At tCr = 0.32 nm and tCr = 0.69 nm the oscillations of the 
reflectivity curves are significantly damped. These CrSi2 films have a surface roughness 
of about 4.3 nm. Finally, no oscillations have been observed for films grown at 
tCr = 0.20 nm and tCr = 1.00 nm. The absence of the XRR oscillations shows that the 
roughness of these layers exceeds 5 nm, since this value is commonly observed to inhibit 
oscillations for the reflectometry measurements [76,77]. The rms roughness of the 
Si/CrSi2 interface is about 1 nm and its value does not vary with tCr. 
 It should be emphasised that the roughness as obtained from XRR is averaged over 
a large (about cm2) sample area. As was shown above (see Fig. 3.18), the investigated 
samples consist of regions with two different morphologies: regions with low roughness 
(few percent of the layer thickness) and regions with high roughness (comparable with the 
layer thickness). Thus, XRR measurements can not be applied for quantitative 
characterisation of our samples. In the previous section it was shown that tCr strongly 
influences the lateral dimension of these smooth (resp. rough) regions. Therefore, the 
variation of the rms roughness value in dependence on tCr, which was observed by XRR, 
should be considered as a qualitative characterisation. We assume that the change of the 
rms roughness value correlates with the area of the rough regions. Thus, an increase of 
rms roughness means that the regions with rough surface become larger.  
                                                          
∗ The total thickness of CrSi2 films is about 40 nm. 
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Fig. 3.23 Comparison of XRR curves for samples grown by the template technique at tCr  
ranging from 0.20 to 1.00 nm. The reflectivity curves can be divided into three groups 
by considering the amplitude of the XRR oscillations. The rms roughness of the 
Si/CrSi2 interface does not vary with tCr and its value is about 1 nm. 
SEM micrographs (Fig. 3.24) show the surface morphology of the CrSi2 layers in 
dependence on tCr. The template formed at tCr = 0.20 nm does not change the layer 
morphology compared to the sample grown without template, i.e. tCr = 0.0 nm (see 
Fig. 3.24, Fig. 3.21). This film has a rough surface and contains holes. At tCr = 0.32 nm 
large regions with a smooth surface are formed (Fig. 3.24b). Their lateral size reaches 
2 µm, but this layer still contains holes. Further increase of tCr to 0.35 nm results in a 
drastic change in the layer morphology. Almost the whole film surface is smooth, 
however, regions with rough morphology are observed as well. Lateral dimensions of 
these regions do not exceed 2.5 µm. The amount of holes in this layer, and their size 
become smaller. The morphology of the layers grown at tCr = 0.41 nm, tCr = 0.42 nm and 
tCr = 0.52 nm is similar to the morphology of the layer grown at tCr = 0.35 nm (the 
corresponding micrographs are not shown here). A considerable deterioration of the layer 
quality in terms of the surface smoothness is observed as tCr increases up to 0.69 nm. 
Moreover, the size and area density of holes become larger. 
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Fig. 3.24 SEM micrographs of CrSi2 layers prepared by the template technique at different 
values of tCr. It is visible that the morphology of the layer grown at tCr = 0.35 nm 
drastically differs from the morphology of other shown samples. The film is almost 
closed and has a smooth surface. 
Another tool to assess the crystal quality of the CrSi2 layers are RBS channeling 
experiments. Fig. 3.25 shows a plot of the minimum yield (χmin) as a function of tCr. It is 
visible, that at tCr = 0.2 nm no channeling has been observed. The layers grown at tCr lying 
in the region of 0.35 nm ≤ tCr ≤ 0.52 nm have the best crystalline quality,  that 
corresponds to the minimum yield of about 18%. Further increase of tCr to 0.69 nm results 
in an increase of the minimum yield up to 55%. Finally, at tCr = 1.00 nm there is almost 
no channeling effect. 
 XRD, XRR, SEM and RBS results show that within the applied deposition 
parameters the optimal thickness of the Cr layer, which is deposited to form the CrSi2 
template, lies in the tCr - interval from 0.35 to 0.52 nm [91]. 
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Fig. 3.25 RBS minimum yield as a function of Cr thickness deposited prior to the reactive 
codeposition to form CrSi2 template. 
 
3.2.6.3  Investigation of the sample grown at optimal template  
This section is focused on the detailed investigation of the morphology and epitaxial 
orientation of the CrSi2 film grown on the template formed at tCr = 0.42 nm. This sample 
has been chosen as an example of films grown at tCr lying in thickness interval from 0.35 
to 0.52 nm. Preferred orienations and orientation relations between the CrSi2 film and the 
Si(001) substrate are analysed by X-ray and electron diffraction. For thorough 
characterisation of the layer morphology cross-sectional TEM study was performed 
additionally to SEM.  
 Fig. 3.26 shows a part of the X-ray spectrum of the sample grown at tCr = 0.42 nm. 
The θ/2θ scan was taken in Bragg-Brentano geometry. Only reflections from Si{001}, 
CrSi2{001} and CrSi2{112} planes were detected within the whole 2θ interval 
from 2θ = 10° to 2θ = 120°. These results suggest that the film consists of crystallites with 
two orientations: CrSi2(001) || Si(001) and CrSi2(112) || Si(001). It should be noticed, that 
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compared to layers grown by reactive codeposition (section 3.1.2.1) the CrSi2(110) and 
CrSi2(200) reflections were not detected for this sample.  
Fig. 3.26 XRD θ / 2θ scan for the sample grown by the template technique at optimal template 
thickness (tCr = 0.42 nm). Only reflections from CrSi2{001} and CrSi2{112} planes 
were observed. The intensity of the CrSi2(112) peak is multiplied by 140. 
Pole figure measurements have shown that, similar to samples grown by the template 
technique at different tCr (section 3.2.6.1, Fig. 3.17), the crystallites have the (001)-
orientation with two perpendicular domains: CrSi2(001)[100] || Si(001)[110] and 
CrSi2(001)[100] || Si(001)[11 0]. It was not possibly to determine in-plane orientation of 
the crystallites grown with CrSi2(112) || Si(001) by pole figure measurements within the 
present experiments because of a too low XRD intensity. 
 Electron diffraction confirmed the presence of the two mentioned crystallites 
fractions growing with CrSi2(001) || Si(001) and CrSi2(112) || Si(001). The orientation of 
the CrSi2 crystallites which belong to the second fraction was found to be 
CrSi2(112)[11 0] || Si(001)[110] and is referred to as (112)-orientation (Fig. 3.27a,b).  
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Fig. 3.27 TEM diffraction patterns obtained from cross-sectional sample (tCr = 0.42 nm) and 
corresponding simulations reveal two domains of the (112)-orientation: 
CrSi2(112)[11 0] || Si(001)[110] (a, b) and CrSi2(112)[11 0] || Si(001)[11 0] (e, f). 
Additional spots, observed around the CrSi2 and Si spots, are generated due to 
multiple scattering. The cross-sectional (d) and dark field (c) images show the 
crystallites which belong to the first domain. The crystallites have in cross-section a 
specific form like truncated triangles, which results in a high surface roughness. The 
circle radii in the simulation are proportional to the spot intensity, which is specified 
by the structure factor value. 
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Analogously to the (001)-orientation two perpendicular domains of (112)-orientation 
were distinguished by TEM diffraction. The orientation of the perpendicular domain is 
CrSi2(112)[11 0] || Si(001)[11 0], as was found by simulation of the electron diffraction 
pattern (Fig. 3.27e,f) [92].  
 Considering the symmetry of the substrate and of the grown layer four physically 
equivalent domains are possible in case of the film growth with (112)-orientation. A 
schematic sketch of CrSi2 cells on Si(001), arranged according to the (112)-orientation, is 
shown in Fig. 3.28. Only Cr atoms of the CrSi2 layer and Si atoms of the Si(001) plane 
are shown to illustrate the four possible domains. 
 The Si(001) has a fourfold symmetry axis parallel to Si[001], while there are no 
rotation symmetry elements parallel to the CrSi2[221] direction ([221] is nearly 
perpendicular to (112) in this hexagonal structure). As a consequence, the CrSi2[11 0] 
direction can be parallel to Si[110], Si[1 10], Si[1 1 0] and Si[11 0].  
 The fact that only two domains could be distinguished by TEM diffraction can be 
explained by Friedel's law∗. According to this law the diffraction pattern will always have 
a centre of symmetry, even if the crystal itself is non-centrosymmetric.  
 Furthermore, cross-sectional TEM results show that the CrSi2 growth with two 
epitaxial orientations, (001)- and (112)-orientation, is connected with two different surface 
morphologies of the layer (Fig. 3.29). CrSi2 crystallites with the (001)-orientation form 
the regions with smooth surface (see section 3.2.6.1). As visible in Fig. 3.29, these regions 
cover the major part of the sample grown at tCr = 0.42 nm. The crystallites which exhibit 
(112)-orientation belong to regions with an extremely rough surface. These regions are 
marked in Fig. 3.29. As visible at the TEM images (Fig. 3.27c,d), the crystallites have in 
cross-section a specific form like truncated triangles. They have different height from 
40 nm to 80 nm. Some of the crystallites are separated by holes, which reach the substrate 
surface (the cross-sectional images are not shown here). The specific form of the CrSi2 
crystallites and the inhomogeneous thickness result in a high surface roughness, observed 
by SEM (see the marked regions in Fig. 3.29). 
                                                          
∗The intensities of the reflections )hkl( and )lkh( are equal even if the crystal is non-centrosymmetric. 
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Fig. 3.28 Schematic representation of the four CrSi2 domains of (112)-orientation. There are no 
rotation symmetry elements parallel to the direction normal to CrSi2(112). As a 
consequence of the fourfold symmetry axis parallel to Si[001] of the substrate, the 
CrSi2[11 0] direction can be parallel to Si[110], Si[1 10], Si[1 1 0] and Si[11 0]. Only 
Cr atoms of the CrSi2 layer and Si atoms of the Si(001) substrate plane are shown. 
Fig. 3.29 SEM micrograph of the CrSi2 layer grown at tCr = 0.42 nm. The film consists of large 
regions with smooth surface, which cover the major part of the sample, and of small 
regions with rough surface (some of them are marked). 
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 A more detailed structure investigation of the crystallites with (001)-orientation has 
been carried out by aberration corrected dedicated scanning transmission electron 
microscopy (STEM)∗[93]. Fig. 3.30 shows high angle annular dark field (HAADF) 
images taken in CrSi2[100] zone axis of a crystallite which belongs to the smooth layer 
regions.  
Fig. 3.30 (a) High angle annular dark field STEM image taken in the CrSi2[100] direction of a 
crystallite with the (001)-orientation. (b) Stacking faults in the direction perpendicular 
to the film surface have been observed in regions where two crystallites of the same 
orientation (and same domain) intergrow with each other. The image (c) shows an 
additional CrSi2(00l) plane, which has been found in a central part of the crystallite 
(staking faults in the direction parallel to the film surface). A model of the defect free 
CrSi2 structure viewed in the CrSi2[100] direction is given in (d).  
 
 
                                                          
∗ The results were obtained by Meiken Falke, Uwe Falke and Andrew Bleloch, UK SuperSTEM 
Laboratory, Daresbury. 
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Under the chosen imaging conditions the HAADF contrast is proportional to the square of 
the atomic number of the imaged material, therefore regions which contain Cr atoms 
appear bright compared to the pure silicon substrate (Fig. 3.30a). The high-resolution 
image (Fig. 3.30c) confirms on an atomic level that base lattice vector cr  of CrSi2 is 
parallel to the substrate surface. Unfortunately, it was not possible to obtain sharp contrast 
at the CrSi2(001)/Si(001) interface, which hinders the investigation of the obviously 
complicated interface structures. However, it has been found that some CrSi2 crystallites 
contain different kinds of stacking faults: in the direction parallel (Fig. 3.30c) and 
perpendicular (Fig. 3.30b) to the film surface. For illustration of the first kind a model of 
the defect free CrSi2 structure viewed in the CrSi2[100] direction is given in Fig. 3.30d. In 
this direction the atomic columns of CrSi2 consist purely of just Cr or just Si atoms. In 
HAADF contrast the bright metal columns are well distinguishable from the Si columns. 
An additional CrSi2(001) plane is clearly visible in the experimental image (see arrow in 
Fig. 3.30c). Stacking faults, which are perpendicular to film surface, have been observed 
in regions where two crystallites of the same orientation (and same domain) intergrow 
with each other (see white arrows in Fig. 3.30b). 
3.2.6.4  Investigation of thin template layers 
As was shown above, the reactive codeposition onto silicide templates, formed at 
0.32 nm ≤ tCr ≤ 0.69 nm, results in the formation of CrSi2 films with the best 
characteristics by means of preferred orientation, crystalline quality and surface 
roughness.  
 In this section the structure of such a thin template, formed at about tCr = 0.4 nm, 
will be discussed in more detail with the aim to understand their beneficial influence on 
the quality of the subsequently grown CrSi2 layers. 
 The silicide template was prepared performing the following steps: 
• 0.4 nm Cr were deposited at room temperature onto the Si(001) substrate; 
• the substrate temperature was raised up to 700°C within 15 minutes; 
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• the sample was cooled down to RT and an amorphous Si layer of 2.0 nm 
thickness was deposited at RT to prevent the template from oxidation.  
Cross-sectional TEM results for this template (Fig. 3.31) are similar to those obtained for 
the thicker CrSi2 layer grown on top of this template (Fig. 3.27, Fig. 3.30a). The template 
consists of two types of crystallites. Large crystallites with uniform thickness and smooth 
surface have the (001)-orientation∗.  
 Small crystallites have in cross-section a specific form like truncated triangles and 
grow according to the (112)-orientation∗∗. These results suggest that the reactive 
codeposition onto the template leads to a volume growth of seed crystallites. As a 
consequence, the CrSi2 layer reproduces the morphology and orientation of the template, 
on which it was subsequently grown.  
 As can be seen in Fig. 3.31, the template consists of CrSi2 islands which are 
separated by silicide free regions. But, such a template does not correspond to the initial 
concept of the template method, which considers the template as an ultrathin uniform 
single crystal silicide layer. Thus, continuous CrSi2 templates are required to form 
homogeneous closed epitaxial films. The formation of island in the template could be 
suppressed by lowering the temperature of the subsequent heating. Therefore, in the next 
set of experiments the templates were formed by the same process, which is described 
above, but heating was performed up to different temperatures varying from 300°C to 
600°C.  
 The CrSi2 formation temperature is reported to lie between 400°C and 450°C. In 
our experiments the formation of a crystalline CrSi2 phase was observed by RHEED∗∗∗ 
already at 260°C [94]. This low formation temperature can be explained by the very small 
(0.4 nm) amount of deposited Cr.  
 The XRD results (not presented here) showed that the CrSi2 crystallites of the 
template, formed at 300°C, grow already with the preferred CrSi2(001) || Si(001) 
orientation. However, the presence of randomly oriented grains can not be excluded. The 
                                                          
∗ Two perpendicular domains are possible for the (001)-orientation, see Fig. 3.13. 
∗∗ Four domains are possible for the (112)-orientation, see Fig. 3.28. 
∗∗∗RHEED is an electron diffraction technique which allows in-situ characterisation of the crystal 
structure of the sample surface. 
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FWHM value of the CrSi2(003) peak is about 3° of 2θ, that is caused by the small layer 
thickness (about 1.2 nm) ∗.  
Fig. 3.31 Cross-sectional TEM images of a template grown by RT deposition of 0.4 nm Cr 
followed by heating up to 700°C. Analogously to the thick CrSi2 layer grown by the 
template technique at tCr = 0.4 nm, this thin template consists of two types of 
crystallites: large crystallites with uniform thickness (c), and small crystallites, which 
have in cross-section a specific form like truncated triangles (d). TEM diffraction 
patterns and corresponding simulations show that the large crystallites have (001)-
orientation (a, b), and small crystallites have (112)-orientation (e, f). 
 
 
                                                          
∗ The FWHM value of Si(004) peak is 0.1° of 2θ at the same experimental conditions. 
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At Tsub = 350°C the XRD intensity of the CrSi2(003) peak does not change. With further 
increase of the substrate temperature from 400 to 700°C the CrSi2(003) peak became 
higher while its FWHM value decreased (the integrated intensity does not change). This 
can be explained by the formation of islands at Tsub ≥ 400°C, observed by TEM (results 
are not shown here), that results in the increased height of the islands, whereas the 
average layer thickness stays the same 
 Already at Tsub = 300°C the formation of holes was observed by cross-sectional 
TEM (not shown here). Fig. 3.32 shows a cross-sectional TEM micrograph, 
corresponding diffraction pattern and a dark-field image of the CrSi2 layer grown at 
350°C. High resolution TEM (Fig. 3.32b) reveals horizontal lattice planes in the CrSi2 
layer. The distances between these planes correspond to the CrSi2(001) interplanar 
distance. The shown results evidence the formation of epitaxial CrSi2 with (001)-
orientation. The film is continuous with smooth surface and interface, but holes have been 
observed as well.  
Fig. 3.32 TEM diffraction pattern (a), dark-field image (c) and cross-sectional image (d) of a 
template grown by RT deposition of 0.4 nm Cr followed by heating up to 350°C. The 
results show that the layer grows epitaxially with (001)-orientation. High resolution 
TEM (b) reveals horizontal lattice planes in CrSi2. The distances between these planes 
correspond to the CrSi2(001) interplanar distance. 
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Already at 400°C CrSi2 islands are formed. In cross-section their length is comparable 
with their distance. At 700°C the CrSi2 layer consists of islands, which are separated by 
silicide free regions, as has been shown in Fig. 3.31.  
 These results suggest that for the formation of a continuous CrSi2 template the 
heating temperature should have a value of about 300 - 350°C. Therefore, in the next 
experiments CrSi2 films of about 40 nm in thickness were grown by the template 
technique as described in section 3.2.5, with the difference that reactive codeposition of 
Cr and Si was performed at 300°C and 350°C. SEM shows that the reactive codeposition 
at these temperatures results in the formation of continuous smooth layers (Fig. 3.33). 
Regions with rough surface, which are typical for the films grown at 700°C (see marked 
regions in Fig. 3.29), were not observed. However, the films contain holes with a lateral 
size of about 1 µm (Fig. 3.33). This value is comparable with the lateral dimension of the 
rough regions observed at 700°C (Fig. 3.29).  
Fig. 3.33 SEM micrograph of a CrSi2 layer (thickness is about 40 nm) grown by the template 
method at tCr = 0.42 nm, Tsub = 350°C. The film surface is smooth, but the layer 
contains holes with lateral sizes of about 1 µm. 
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By fitting XRR curves for layers grown at 300°C and 350°C the rms interface roughness 
of 0.8 ± 0.2∗ nm and the surface roughness of 2.0 ± 0.2* nm was obtained. These values 
are the same as for layers grown at 700°C (Fig. 3.23). 
 XRD measurements for the films grown at 300°C and 350°C showed that the 
integrated intensity of the CrSi2(003) peak is three times lower then that one for films 
grown at 700°C. Rocking curve measurements of the CrSi2(003) peak have detected 
FWHM values of about 1.5° of 2θ  (for rocking curve method see section 2.1.6). These 
values are three times higher compared to the FWHM of 0.55° observed for layers grown 
at 700°C. These results indicate that at Tsub of 300°C and 350°C CrSi2 crystallites with 
(001)-orientation have a higher misorientation. An increased (compared to layers grown 
at 700°C) RBS minimum yield of 60 % reveals the poor crystalline quality of the layers 
formed at Tsub of 300°C and  350°C. 
 Structural investigations show that for the template technique, analogously to the 
reactive codeposition (section 3.1.2), the decrease of Tsub deteriorates preferred orientation 
and crystalline quality of the thick CrSi2 films, despite the fact that continuous epitaxial 
templates can be formed at these temperatures. For the future work the following choice 
of the deposition parameters is proposed to improve crystalline quality of the CrSi2 layers:  
• decreasing of Cr and Si deposition rates during reactive codeposition, which 
analogously to an increase of Tsub leads to a higher crystalline quality of a 
resulting layer; 
• formation of CrSi2 templates at low temperature, and subsequent reactive 
codeposition at higher Tsub. According to the concept of the template 
method [49], ones a silicide template is formed it should stay stable at higher 
temperatures. Therefore, it is important to investigate stability of CrSi2 
templates after an additional annealing at different temperatures. 
  
 
                                                          
∗ The accuracy of the fitting data was defined by Kehr in [78] 
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3.2.7  Discussion 
3.2.7.1  Influence of Cr thickness on the quality of the CrSi2 template 
To understand the observed influence of the Cr thickness on the quality of CrSi2 
templates, we discuss the interaction between Cr atoms and a clean Si surface at room 
temperature. Thereby we refer to investigations of the Cr/Si(111) interface [88,95-97], 
because up to now there are no published results on the structure of Cr/Si(001) interfaces 
formed at RT. However, we assume that the RT reaction of Cr with Si(001) is analogous 
to the reaction with Si(111). It should be noticed that an increase of the substrate 
temperature always results in the formation of the CrSi2 phase, which is the only stable 
phase if Si access is not limited [10,11]. 
 Lifshits et al. [96] and Wetzel et al. [97] found that RT deposition of Cr onto a 
precleaned Si(111)7×7 surface leads to the formation of an intermixed Cr-Si layer. With 
increasing thickness of deposited Cr (tCr) the stoichiometry of this intermixed layer 
changes from Si-reach to Cr-reach. Composition of this layer can not be identified as one 
of the known bulk phases [97]. The formation of a pure Cr film on top of the intermixed 
Cr-Si layer was observed at tCr higher then 15-30 ML∗.  
 Relying on these results we propose the following model of the template formation. 
RT deposition of Cr onto the silicon substrate results in an intermixed amorphous Cr-Si 
layer. We assume that the stoichiometry of this layer is nearly homogeneous. At low tCr 
the Cr-Si layer is Si-reach. With increasing tCr the stoichiometry of the intermixed layer 
evolves gradually to Cr-reach. Finally, at high tCr pure Cr is present on top of the 
amorphous Cr-Si layer. We assume that there is a certain tCr at which the layer 
composition is close to CrSi2. In this case only the rearranging of Cr and Si atoms is 
necessary for the formation of the epitaxial CrSi2 template during the subsequent 
temperature ramp. This suggests that the Cr thickness, which results in the formation of 
the optimal silicide template (0.35 nm ≤ tCr ≤ 0.52 nm), corresponds to the Cr thickness at 
which the composition of the intermixed Cr-Si layer is close to CrSi2.  
                                                          
∗ One monolayer (ML) of Cr on Si(111) corresponds to 7.8×1014 at/cm2. 
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 As far as pure Cr is present on top of the Cr-Si layer, Si atoms have to diffuse 
through the intermixed region to react with Cr. This process can be accompanied by 
lateral atom diffusion. The lateral diffusion can lead to the formation of holes or islands 
separated by the silicide free regions. This could explain the results of our experiments, 
which show that templates, formed at tCr ≥ 1 nm, do not influence the quality of the CrSi2 
layers compared to films grown without any template.  
3.2.7.2  Epitaxial orientations 
In the following section the two observed epitaxial orientations, 
CrSi2(001)[100] || Si(001)[110] and CrSi2(112)[11 0] || Si(001)[110], are characterised by 
applying the theory of lattice match. It should be noticed that this model is just a 
geometrical description of epitaxial orientations. The surface and interface energies of the 
layer/substrate system, as well as chemical bonding at the interface are always the 
prevailing factors for epitaxial growth. However, there is no information on surface and 
interface energies for the CrSi2/Si(001) system.  
 To characterise the CrSi2(001)/Si(001) interface the atom arrangement in the 
CrSi2(001) plane on Si(001) is considered. Only Cr atoms of the CrSi2(001) interfacial 
plane and Si surface atoms of the substrate are shown for simplicity. Lattice mismatch as 
well as the common interfacial cell area were determined by applying the theory of 
geometrical mismatch, as was described in section 1.3.1.2.  
 To calculate these parameters a common interfacial cell based on the vectors 
1c
r  parallel to CrSi2[120] and 1d
r
 parallel to CrSi2[ 014 ] is considered (see schematic 
sketch in Fig. 3.34a). Cr atoms of CrSi2 coincide with Si substrate atoms along 1c
r  with a 
lattice mismatch of m = - 0.13% at room temperature. Along 1d
r
 the CrSi2 lattice matches 
Si(001) with m = + 0.88%. 
 To calculate the matching parameters at the CrSi2(112)/Si(001) interface plane a 
common cell based on the vectors 2c
r  parallel to CrSi2[11 0] and 2d
r
 parallel to 
CrSi2[ 111 ] is used (Fig. 3.34b). Along CrSi2[11 0] the CrSi2 crystallites exhibit the same 
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small mismatch of - 0.13% as that for the (001)-orientation. In the perpendicular 
direction, i.e. along CrSi2[1 1 1], the mismatch amounts to m = + 1.04%.  
Fig. 3.34 Schematic sketch of the atom arrangement at the CrSi2/Si(001) interface and 
corresponding common unit cells: (a) (001)-orientation, only Cr atoms in the 
CrSi2(001) plane are shown. For the mismatch calculation a common interfacial cell 
built on the vectors 1c
r
 in CrSi2[120] direction and 1d
r
 in CrSi2[ 014 ] direction is 
used; (b) (112)-orientation, Cr atoms in the CrSi2(112) plane are shown. For the 
mismatch calculation a common unit cell built on the vectors 2c
r in the CrSi2[11 0] 
direction and 2d
r
 in the CrSi2[1 1 1] direction is used. 
The lattice mismatches at the interfaces between Si(001) and the corresponding CrSi2 
growth plane are relatively small at room temperature for both orientations (Table 3.2). 
As visible, the common cell area for the (001)-orientation is nearly two times larger then 
that one for the (112)-orientation. According to the theory of lattice match the smaller 
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common cell area should be preferable for heteroepitaxy. However, XRD results show 
that the (001)-orientation is the preferred one.  
 
silicide silicon mismatch 
epitaxial 
orientation 
matching 
cell area 
/ nm2 
| cr | 
/ nm 
| d
r
| 
/ nm 
α 1 
 / deg.
| cr | 
/ nm 
| dr | 
/ nm 
α 2  
/ deg. 
mc 
/ % 
md  
/ % 
mα  /
% 
(001)-
orientation 
1.19 0.767 1.597 103.9 0.768 1.583 104.4 -0.13 +0.88 -0.4 
(112)-
orientation 
0.60 0.767 0.776 90 0.768 0.768 90 -0.13 +1.04 0 
Table 3.2 Lattice matches of CrSi2 on Si(001). 
Epitaxial orientation can be additionally characterised by atom density in the growth 
plane. The atom density in an interfacial plane correlates directly with the interfacial 
energy of the film/substrate system. One of the processes which leads to a reduction of the 
interface energy is the creation of chemical bonds between adatoms and the atoms of the 
substrate, which in turn depends on the atom density in the interfacial plane. The atom 
density in the (001) plane of the Si substrate is 6.78 at/nm2. The Cr atom density in the 
CrSi2(112) plane (1.68 at/nm2) is four times lower than the Si atom density in Si(001), 
while the Cr atom density in the CrSi2(001) plane (5.90 at/nm2) only slightly differs from 
the Si atom density in the substrate surface. The Si atom density in CrSi2(001) is 
12 at/nm2 and also much higher compared to the Si atom density in CrSi2(112), which 
value does not exceed 2 at/nm2. 
 Thus the interfacial energy of the CrSi2(001)/Si(001) system should be lower 
compared to the CrSi2(112)/Si(001) system. According to this simple interface energy 
model the atom density in the growth plane is one of the crucial parameters for the CrSi2 
growth on Si(001). 
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3.2.8   Summary 
The template technique was applied to grow CrSi2 films on Si(001). At first, the CrSi2 
templates were prepared by deposition of a Cr layer at RT and a subsequent temperature 
ramp up to 700°C. The thickness of these layers was varied from 0.2 to 2.5 nm. Then, the 
reactive codeposition of Cr and Si was performed at 700°C. The total thickness of the 
CrSi2 layers was about 40 nm. It has been shown, that the thickness of the silicide 
template significantly influences morphology, degree of preferred orientation and 
crystalline quality of the subsequently grown CrSi2 films.  
 Using the template technique the layer quality can be improved compared to films 
grown by reactive codeposition, i.e. without a template. The reactive codeposition onto 
templates formed at 0.35 nm ≤ tCr ≤ 0.52 nm results in the formation of CrSi2 layers with 
the best crystalline quality, as was confirmed by the rapid decrease of the RBS 
channelling yield down to 18%. The better crystalline quality is in good agreement with 
XRD results, which show that films grown at 0.35 nm ≤ tCr ≤ 0.52 nm have the highest 
degree of preferred CrSi2(001) orientation. These films are almost closed with smooth 
surfaces and interfaces. However, holes are still present, as well as small (lateral size ~ 
2.5 µm) regions with rough surfaces. 
 The layer crystallites exhibit two epitaxial orientations to the Si substrate: 
CrSi2(001)[100] || Si(001)[110] ((001)-orientation) and CrSi2(112)[11 0] || Si(001)[110] 
((112)-orientation). The major part of CrSi2 crystallites grows with (001)-orientation. The 
crystal symmetry of Si and CrSi2 results in a domain structure of the grown films. In case 
of layer growth with (001)-orientation two perpendicular domains are possible. For (112)-
orientation there are four CrSi2 domains, which are rotated by 90° with respect to each 
other. The observed epitaxial orientations were characterised applying the theory of lattice 
match and considering atom density in the growth plane. 
 The CrSi2 layers, grown at 0.35 nm ≤ tCr ≤ 0.52 , consist of regions with two 
completely different morphologies. The presence of both regions within the same sample 
correlates with the observed film growth with two orientation relations. The major part of 
the layers has a smooth surface and contains crystallites with (001)-orientation, while 
small regions with rough surface consist of crystallites with (112)-orientation. The 
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preferred growth with the (001)-orientation might be explained by the higher Cr atom 
density in the CrSi2(001) plane compared to the atom density in the CrSi2(112) plane. 
 The investigation of thin templates formed at tCr = 0.4 nm has shown that 
morphology and orientation of the subsequently grown thicker layer are predetermined by 
morphology and orientation of the template. Analogously to the thick layer, grown on this 
template, the template consists of two types of crystallites. Large crystallites have a 
smooth surface and exhibit (001)-orientation. Small crystallites have in cross-section a 
specific form like truncated triangles, which results in a high surface roughness. These 
crystallites grow with (112)-orientation. However, the template formed at 700°C consists 
of separated CrSi2 islands. This structure does not corresponds to the initial concept of the 
template method, which considers the template to be an ultrathin uniform single crystal 
silicide layer. It has been shown that epitaxial and closed CrSi2 templates can be formed 
at 300 - 350°C. Further increase of the substrate temperature leads to the formation of 
separated CrSi2 islands. In spite of the improved morphology of the templates formed at 
Tsub = 300 - 350°C, subsequent reactive codeposition at these temperatures results in a 
deterioration of the (001)-orientation and consequently of the crystalline quality of the 
thicker layers, compared to layers grown at Tsub = 700°C. Considering recently published 
studies on CrSi2/Si(111) interfaces at RT a model, which might explain the observed 
influence of tCr on the quality of CrSi2 templates, is proposed. 
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4 Summary and Conclusions  
This thesis reports on structural investigations of thin (~ 40 nm) CrSi2 films grown on 
Si(001) by Molecular Beam Epitaxy using reactive codeposition and the template method. 
In particular, X-ray technique was used to characterise structure and roughness of the 
grown silicide layers. Additionally, transmission and scanning electron microscopy (TEM 
and SEM) as well as Rutherford backscattering spectrometry (RBS) were used to confirm 
and amplify results obtained by X-ray analysis. The present work is a fundamental 
research, which is aimed to put light onto the influence of deposition parameters on such 
layer characteristics as grain size, surface and interface roughness, preferred orientation, 
epitaxial relation and crystalline quality.  
 X-ray diffraction (XRD) has shown that both deposition processes result in the 
formation of CrSi2 layers, which exhibit different preferred orientations. The major part of 
CrSi2 crystallites grows with (001)-orientation: CrSi2(001)[100] || Si(001)[110]. The 
crystal symmetry of CrSi2 and Si leads to a second perpendicular domain of this 
orientation: CrSi2(001)[100] || Si(001)[11 0]. Comparing the two applied growth methods, 
reactive codeposition is more easy to perform, but it results in a poor layer quality. The 
film quality in terms of uniformity of crystallite orientation and crystalline quality can be 
improved using the template method.  
 In the first set of experiments Cr and Si were codeposited in the stoichiometric ratio 
of 1:2. The deposition was performed at different substrate temperatures Tsub ranging from 
400ºC to 800°C with 100°C step. Structural investigations have shown that morphology 
and preferred orientation of the grown layers strongly depend on the substrate 
temperature. 
 According to TEM and SEM studies the increase of Tsub from 400°C up to 800ºC 
results in an increase of the grain size by an order of magnitude. Simultaneously, the 
fraction of CrSi2 crystallites exhibiting (001)-orientation becomes larger, as has been 
shown by XRD. However, films grown at Tsub = 800ºC contain holes and the silicide layer 
does not cover the Si substrate completely. Therefore, the optimal substrate temperature 
for codeposition of Cr and Si was considered to be 700ºC. The observed changes in layer 
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morphology and structure can be connected with a reduced nucleation and an increased 
surface mobility of adatoms at high substrate temperatures. 
 In the second set of experiments the template technique was applied in order to to 
obtain continuous epitaxial silicide layers. The only difference of this method compared 
to the reactive codeposition is that the codeposition was performed onto previously 
formed ultrathin CrSi2 templates. The silicide templates were formed by RT deposition of 
some monolayers of Cr onto Si(001) followed by heating up the wafer to 700°C. The 
thickness of this Cr layer was varied from 0.2 to 2.5 nm. It has been shown that this 
method can lead to an improvement of the layer quality compared to the reactive 
codeposition, i.e. smooth, homogeneous epitaxial films can be obtained. Additionally, it 
has been shown that the thickness of the silicide template strongly influences morphology, 
preferred orientation and crystalline quality of the subsequently grown thicker CrSi2 
layers. 
 RBS and XRD results show that the reactive codeposition onto templates formed at 
0.35 nm ≤ tCr ≤ 0.52 nm results in formation of CrSi2 layers with the best crystalline 
quality and the highest degree of preferred (001)-orientation. According to X-ray 
reflectivity (XRR) data these layers have the lowest root-mean-square roughness. The 
major part of these layers has a smooth surface and contains crystallites with (001)-
orientation, as was observed by TEM. However, holes as well as small (lateral 
size ~ 2.5 µm) regions with rough surface are still present. Cross-sectional TEM 
investigations revealed the orientation of the CrSi2 crystallites which form these small 
regions: CrSi2(112)[11 0] || Si(001)[110]. This orientation is referred to as (112)-
orientation. In case of the layer growth with the (112)-orientation there are four CrSi2 
domains, which are rotated by 90° with respect to each other.  
 The two observed epitaxial orientations ((001)- and (112)-orientation) were 
characterised applying the theory of lattice match. It was shown that for CrSi2/Si(001) the 
lattice match parameters are not sufficient to explain the preferred growth with (001)-
orientation. Additionally, the atom density in the growth plane, which correlates directly 
with the interfacial energy of the film/substrate system, was considered. The preferred 
growth with the (001)-orientation might be explained by the higher atom density in the 
CrSi2(001) plane compared to the atom density in the CrSi2(112) plane. However, this 
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simple model is a rough geometrical approximation. For more comprehensive 
interpretation of the experimental results surface energies and the possible interface 
reconstruction for the CrSi2/Si(001) system should be taken into account. 
 To understand the influence of the template thickness on the layer quality thin CrSi2 
templates were investigated. Results obtained by SEM and TEM investigations of thin 
templates formed at tCr = 0.4 nm, Tsub = 700ºC are similar to those obtained for the thicker 
layers grown on their top. These templates also consist of two kinds of crystallites with 
(001)- and (112)-orientation. The crystallites with (001)-orientation form regions with 
smooth surface, while regions with rough surfaces consist of crystallites with (112)-
orientation. These results suggest that morphology and orientation of the subsequently 
grown thicker layer are predetermined by morphology and orientation of the template. 
However, the templates formed at 700°C consist of separated CrSi2 islands. This structure 
of the template does not correspond to the initial concept of the template method, which 
considers the template as an ultrathin uniform single crystal silicide layer.  
 The TEM study showed that epitaxial and closed CrSi2 templates can be formed at 
300 - 350°C. But, subsequent reactive codeposition at these temperatures results in 
deterioration of the (001)-orientation and consequently of the crystalline quality of the 
thicker layers, compared to layers grown at Tsub = 700°C.  
 Considering recently published studies on CrSi2/Si(111) interfaces at RT a model, 
which might explain the observed influence of tCr on the quality of CrSi2 templates, is 
proposed. 
 In the present thesis the dependence of the CrSi2 layer characteristics on the 
substrate temperature (for reactive codeposition) and the template thickness (for the 
template technique) was systematically scrutinised. The template method has been 
applied for the first time to grow CrSi2 films on Si(001). According to our inquiry of the 
recently published reports, we succeed to grow CrSi2 layers of the best crystalline quality 
on Si(001) using a physical vapour deposition technique.  
 Unfortunately, within the applied deposition parameters it was not possible to grow 
a uniform layer with only one epitaxial orientation. Thus, further investigation is 
necessary to reveal factors causing the appearance of the second epitaxial orientation and 
to optimise growth conditions. In-situ characterisation methods might supply additional 
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information on the film structure during the growth process. Additional investigations of 
thin templates, in particular of the composition of thin amorphous Cr-Si layers at different 
amounts of deposited Cr, are required in order to explain the observed dependence of the 
silicide layer quality on the template thickness.  
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Hexagonal lattices have the following unit cell characteristics: 
a = b ≠ c, α = β = π / 2; γ = 2π / 3, 
where α is the angle between b and c unit cell axes, β - between a and c, and γ - between 
a and b. An example of the hexagonal lattice is shown in Fig. 1.3. 
The lattice interplanar spacing is given as 
.
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There are two types of Miller indices notation in a hexagonal system: a system with three 
indices (h k l) and a system with four indices (h k j l). To transform indices of planes the 
following equation for the index j is used: j = - (h + k).  
 The direction [u v w] is necessarily perpendicular to the plane (h k l) having exactly 
the same indices only in orthogonal systems. For the hexagonal lattice the following 
relations have to be used to find the direction which is perpendicular to a certain plain or 
vice versa: 
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